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Abstract 
Managing player load, fatigue and recovery in rugby union is deemed important given the potential 

impact on performance and injury risk (Cross et al., 2016; Quarrie et al., 2017). Whilst 

countermovement jump (CMJ) tests are the most common test of neuromuscular fatigue (NMF) in 

applied sport settings (Taylor et al., 2012), there remain some limitations to the real-world 

implementation of such testing for regular NMF monitoring purposes (Starling & Lambert, 2018). In 

particular, the maximal contractile nature of such tests results in reluctance of athletes to perform them 

in periods of post-match fatigue (Carling et al., 2018). As such, some have proposed tests of 

proprioception and postural control as novel tests of NMF, which provide the main advantage of being 

minimally physically demanding and not requiring maximal motivation from athletes (Austruy, 2016; 

Clarke et al., 2015). Therefore, the aim of this research was to assess the use of postural control 

measures of single-leg balance and landing on a force plate for monitoring neuromuscular fatigue in 

professional rugby union players.  

 

Initially, the inter-trial and inter-test reliability of postural control measures were determined to 

understand the inherent variability of these tests (study 1). Then, the acute post-training changes 

related to specific internal and external load measures (study 2) as well as changes across different 

accumulated weekly load profiles (study 3) were determined in order to understand responsiveness of 

the tests. Finally, the use of single-leg balance and landing tests 36h post-match at the beginning of a 

weekly micro-cycle when monitoring tools are most applicable was investigated (study 4). To do the 

above, thirty-five male professional rugby union players were recruited to participate in this 

investigation. Measures of postural control included single-leg balance and landing tests performed on a 

force plate (9260AA6, Kistler Instruments, Winterthur, Switzerland) sampling at 1000 Hz. Participants 

performed balance tests by completing two 20 s trials on each leg with hands on hips and eyes closed. 
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Landing tests were performed by jumping off two legs from a starting point 1 m away and landing on 

one leg in the centre of the force plate. Participants performed three trials on each leg and were 

instructed to jump as high as possible whilst sticking and holding the landing. To investigate reliability, 

postural control tests were performed in the morning on the first day of training following 48 h rest on 

two consecutive training weeks with similar prior loads (study 1). To investigate the responsiveness to 

acute rugby union training loads, postural control tests were performed prior to training and again 

immediately following a typical training day consisting of three training sessions (gym, skills, and rugby) 

(study 2). To investigate the responsiveness to different accumulated internal and external load profiles, 

postural control tests were performed in the morning on the first day of the week across three distinct 

load profiles representing normal, spiked, and higher accumulated loads (study 3). And to investigate 

the responsiveness of postural control tests for monitoring fatigue post-match, postural control tests 

were performed in the morning on the first day of training following a bye week (rested) and again 7 

days later on the first day of training 36h post-match (study 4).  

 
The key findings within this research include: 

Study 1 

• Single-leg balance sway velocity demonstrates acceptable reliability, and superior reliability than 

sway velocity in the anterior-posterior and medio-lateral directions. 

• Single-leg landing peak force and impulse demonstrate acceptable reliability, whilst time to 

stabilization should be used with caution due to the high variability and poor reliability between 

dominant and non-dominant legs. 
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Study 2 

• Whilst countermovement jump eccentric rate of force development demonstrated the largest 

impairment following a typical rugby union training day, single-leg balance sway velocity on the 

non-dominant leg showed similar responsiveness to countermovement jump measures of jump 

height and concentric impulse. 

• Bodyload, session rating of perceived exertion training load, and Banister’s training impulse 

appear to be the main contributing factors to countermovement jump and balance impairment 

following typical rugby union training days. 

Study 3 

• Single-leg balance sway velocity was not significantly different between normal, spike, and 

higher three-week accumulated load profiles.  

• Accumulated load profiles demonstrated a significant interaction in which single-leg landing 

impulse decreased over time under spike load conditions and increased over time under higher 

load conditions.  

Study 4 

• When monitoring postural control 36h post-match at the beginning of a weekly micro-cycle, 

most measures were within ranges observed without a prior match load (i.e. rested), however 

possibly small single-leg landing impulse impairments may remain. 

• In higher match load groups, single-leg balance sway velocity may also demonstrate impairment 

36h post-match. 
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Whilst the current investigation demonstrates potential responsiveness of single-leg balance sway 

velocity and single-leg landing impulse measures to acute and accumulated loads, the low signal to noise 

ratio of these tests may challenge their effectiveness. However, as demonstrated by the responsiveness 

of landing impulse and sway velocity on the dominant leg 36h post-match using specific thresholds for 

meaningful change derived from reliability results, there remains some potential for identifying 

individuals experiencing larger residual postural control disturbance resulting from higher match loads. 

It is likely that such athletes may be averse to maximal performance tests at the beginning of the weekly 

micro-cycle, and balance and landing tests could provide objective rationale for the appropriate 

modification of training and recovery. As a practical suggestion for implementation, it may be 

appropriate to use postural control tests early in the weekly micro-cycle to inform readiness to train, 

and CMJ tests later in the micro-cycle to inform readiness to perform. 
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CHAPTER 1 

 

INTRODUCTION 
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1.1 Overview 

Rugby union is a collision-based team-sport that requires the combination of strength, power, speed, 

agility, and endurance performed with position-specific technical and tactical skills (Argus, Gill, Keogh, 

Hopkins, & Beaven, 2009). Within professional rugby union competitions, fatigue is a result of acute load 

from matches and training alongside residual fatigue that accumulates over the course of a season. For 

example, the Super Rugby competition is contested across five countries and four continents over 15-18 

matches, and thus effective management of the fatigue, recovery and performance process is vital to 

success in this demanding environment (Cunniffe et al., 2010). Accordingly, fatigue monitoring tools 

have been used in rugby (and other football codes) to guide the training process and prevent 

performance decrements that result from overreaching, overtraining or inadequate recovery (Coutts, 

Reaburn, Piva, & Rowsell, 2007). Consequently, ongoing monitoring practices are important for 

identifying acute fatigue and promoting adequate recovery to prevent performance decrements that 

can result from the accumulating presence of residual fatigue (Bourdon et al., 2017).  

 

To date, a variety of measurement tools have been proposed throughout high-performance sports to 

subjectively and objectively quantify fatigue or recovery status (Quarrie et al., 2017). As a snapshot of 

such tools, subjective questionnaires regarding wellness or perceived fatigue are popular owing to their 

logistical practicality (Saw, Main, & Gastin, 2016). Biochemical markers such as creatine kinase (CK) and 

testosterone to cortisol (T:C) ratio are used to provide physiological insight on muscle damage, and 

stress hormone status (Argus et al., 2009; Jones et al., 2014). However, of most relevance  to physical 

performance, tests like the countermovement jump (CMJ) provide objective measures of contractile 

function that can be used to inform the state of neuromuscular fatigue (NMF) (Claudino et al., 2017).  
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NMF is defined as the reduced capacity of the muscle to generate force (Cairns, Knicker, Thompson, & 

Sjogaard, 2005), and thus managing the development and recovery of NMF is important for optimal 

performance in competitive sporting environments like Super Rugby (Comyns, 2013). CMJ tests are 

historically the most common performance test to determine NMF in high-performance sport (Taylor et 

al., 2012). However, a limitation of CMJ testing is that it is a maximal attempt to produce lower-body 

power and requires significant motivation and physical effort (Austruy, 2016; Clarke, Farthing, Lanovaz, 

& Krentz, 2015). In particular ecological settings (i.e. 48-72h post-match), maximal tests may be limited 

by athletes’ motivation to give an honest effort or comply with testing requirements; thus compromising 

the validity and consistency of data collected (Carling et al., 2018). Further, minor post-match trauma in 

collision sports may challenge the use of dynamic maximal movements in the post-match window when 

insight into NMF and recovery is most valuable for planning training (Clarke et al., 2015). As a result, 

alternative measures of NMF based on postural control have been proposed as a part of fatigue and 

recovery monitoring protocols in elite sport (Clarke et al., 2015). Postural control tests of balance and 

landing are submaximal in nature, and represent the effect of NMF on proprioception and stability 

rather than maximal force production (Austruy, 2016; Paillard, 2012). Given the lack of clarity on the 

best methods for monitoring fatigue in elite sporting environments, postural control tests may add value 

as minimally taxing and non-aversive measures that provide insight into acute NMF and readiness to 

train following matches (Carling et al., 2018). 

 

Postural control is defined as the ability to maintain the center of mass in relation to the center of 

pressure and incorporates synergistic performance of the neuromuscular and sensorimotor systems 

(Paillard, 2012). While many non-instrumented and instrumented assessments of postural control are 

available, static single-leg balance tests and dynamic single-leg landing tests performed on a force plate 

are more commonly used in elite athletic populations (Steib, Hentschke, Welsch, Pfeifer, & Zech, 2013a; 
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Wikstrom, Tillman, Smith, & Borsa, 2005). From such tests, numerous measures have been used to 

describe balance performance based on the displacement, velocity, amplitude, area, frequency, 

predictability, and complexity of center of pressure (COP) measures on a force plate (Duarte & Freitas, 

2010). Many variables demonstrate acceptable reliability, though mean sway velocity (SV) is identified 

as one of the generally more reliable measures, dependent on methodology used (ICC = 0.62 – 0.94) 

(Ruhe, Fejer, & Walker, 2010). However, there is a lack of consensus on the best testing methods related 

to trial length, stance, and visual condition and there is no evidence for the most reliable methods and 

measures in high performance athletes, let alone rugby union players.  

 

Dynamic postural control is frequently assessed through single-leg landings following a jump or drop 

from a box (Colby, Hintermeister, Torry, & Steadman, 1999; Wikstrom, Tillman, Smith, et al., 2005). 

Commonly reported kinetic variables representing landing performance are time to stabilisation (TTS), 

relative peak force (PF), relative impulse (IMP), and customised calculations of stability index (Wikstrom 

et al., 2005). These variables generally show a range of reliability, with reports of poor (ICC = 0.40) 

reliability of TTS for youth soccer players performing a drop landing from a box (Fransz, Huurnink, 

Kingma, & van Dieen, 2014) to excellent (ICC = 0.96) reliability for healthy participants landing from 50% 

of maximal jump height (Wikstrom et al., 2005). Overall, there is some evidence to support acceptable 

reliability of balance and landing measures; however, the diversity of populations and testing methods 

used means that the reliability and sensitivity of specific postural control testing methods must be 

determined in professional rugby union players prior to their use as a fatigue monitoring tool. 

 

When considering readiness to train, postural control tests may provide insight into general NMF, 

reduced muscle activation, and reduced proprioception that contribute to alterations in muscle stiffness 
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and joint stability (Steib et al., 2013a; Wikstrom, Powers, & Tillman, 2004). For example, the acute 

response of balance tests to various exercise demands demonstrates evidence for 15 – 47% increases in 

SV immediately following  aerobic, anaerobic, and treadmill run to exhaustion protocols in athletic 

populations (Fox, Mihalik, Blackburn, Battaglini, & Guskiewicz, 2008; Steib et al., 2013a; Zech, Steib, 

Hentschke, Eckhardt, & Pfeifer, 2012). Similarly, soccer match and Canadian football game simulation 

resulted in a 27.5% increase in SV and 95% increase in sway area, respectively (Brito et al., 2012; Clarke 

et al., 2015). Likewise, single-leg landing TTS demonstrates impairment following treadmill running tests 

(4-10%), functional movement protocols (11 - 41%) (Pau et al., 2016; Steib et al., 2013a; Wikstrom et al., 

2004), and youth soccer match induced fatigue (28%) (Pau et al., 2016). Overall, these studies provide 

some evidence for the responsiveness of postural control measures to a variety of loads; however, they 

fail to directly inform the extent of response and recovery from specific acute and accumulated rugby 

union (or any football code) loads. 

 

Whilst there is some evidence to suggest the potential of postural control tests for monitoring NMF, 

there are several important characteristics that require further investigation to guide the efficacy of this 

approach. Firstly, evidence of acceptable reliability varies extensively across population, testing 

methods, and measures - with little consistency to guide selection of the best measures to implement in 

elite sport settings. Secondly, current evidence reports acute responsiveness of postural control tests to 

a variety of generic and nondescript exercise loads; however, effects of the type, intensity, and volume 

of load that is rugby specific remains unknown, and thus impedes interpretation of postural control in 

such elite environments. For example, the current evidence is limited to acute responses to any given 

load, and thus an understanding of the effect of (ongoing) accumulated load is important for the 

interpretation of changes in postural control within the context of regular fatigue monitoring. Lastly, 

although some evidence demonstrates postural control impairment immediately following soccer 
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matches, there is no evidence for the responsiveness of postural control to professional rugby union 

match loads. Further, the time-course for recovery and expected impairment at the beginning of a 

micro-cycle following a match when fatigue monitoring tools are practically applied remains unknown. 

 

1.2 Thesis Aims 

This thesis aimed to expand on the evidence for the reliability and acute responsiveness of postural 

control tests of single-leg balance and landing on a force plate to explore the specific application to 

regular fatigue monitoring in professional rugby union. The specific aims of the research were:  

1. To determine the inter-trial and inter-test reliability and sensitivity of specific single-leg balance 

and landing testing measures in professional rugby union players (study 1). 

2. To investigate the response of single-leg balance and landing tests following a typical rugby 

union training day and the contribution of various internal and external load measures to 

postural control impairment (study 2). 

3. To assess the relationship between different accumulated training load profiles, representing 

normal, spike, and higher loads, on single-leg balance and landing performance (study 3). 

4. To investigate the responsiveness of single-leg balance and landing measures 36h post-match 

using thresholds for meaningful change established through prior reliability tests in professional 

rugby union players (study 4). 

In this sequence of studies, the first step was to determine the inter-trial and inter-test (first day of the 

training week 7 days apart) reliability and variability of single-leg balance and landing methods using 

commercially available force plate testing software (study 1). These results guided the selection of measures 

for further investigation based on their reliability and sensitivity within the specific context of the population 

and environment. Next, the response of single-leg balance and landing measures to typical daily rugby union 
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training loads was investigated with exploration of the specific relationship to internal and external load 

factors established (study 2). This established the responsiveness of postural control measures to rugby union 

loads which has yet to be reported in the literature. The next step was to evaluate the responsiveness to 

accumulated load profiles representing normal, spiked, and higher loads (study 3). This is important for 

understanding the extent to which observed changes in postural control may be influenced by acute or 

chronic load. Finally, changes in single-leg balance and landing measures between rested and 36h post-match 

were assessed (study 4) as a practical application of fatigue monitoring at the beginning of a weekly micro-

cycle. 

 

1.3 Justification of Thesis 

The purpose of athlete monitoring is to mitigate reductions in performance and increased injury risk 

that may be the result of acute fatigue from training and competition or accumulated fatigue over the 

course of a competitive professional season (Akenhead & Nassis, 2016; Starling & Lambert, 2018). 

Despite extensive research on this topic, there is no fatigue monitoring protocol that meets all the 

requirements of an ideal tool. Practitioners are therefore left to integrate information from numerous 

sources to guide the planning of training and recovery (Starling & Lambert, 2018; Taylor et al., 2012). 

One particular challenge that practitioners face is the reluctance of athletes to perform maximal 

performance tests of NMF early in the weekly micro-cycle following a match (Austruy, 2016; Carling et 

al., 2018; Clarke et al., 2015). The lack of motivation and compliance in performing maximal tests may 

compromise results and inhibit longitudinal data collection, thus limiting the efficacy of athlete 

monitoring protocols to inform ongoing training prescription. Accordingly, some researchers have 

proposed the use of less physically demanding postural control tests as an alternative method for 

assessing NMF post-match in collision-sport athletes (Clarke et al., 2015).   



8 
 

 

Therefore, the development of postural control testing protocols may provide practitioners with novel 

tools to monitor NMF at the beginning of the weekly micro-cycle following a match. This time period is 

the most important for guiding the training and recovery plan, yet is also the most difficult to get 

compliance from athletes for testing due to soreness, minor injuries and lack of motivation (Austruy, 

2016; Clarke et al., 2015). By first understanding the week-to-week reliability as well as the expected 

variability (noise) and smallest worthwhile change, practitioners can determine the sensitivity of 

postural control measures (Buchheit et al., 2009). From there, the acute responsiveness to specific rugby 

union loads provides insight into the magnitude of expected changes (signal). Whilst often overlooked, 

the relationship to accumulated load provides further context for evaluating fatigue related changes in 

testing measures.  Ultimately, this knowledge would allow practitioners to identify individual athletes 

presenting with meaningfully impaired postural control during regular monitoring at the beginning of 

the micro-cycle following a match.  

1.4 Limitations 

Several limitations were present in these investigations including: 

• Within these studies, research was performed in a professional rugby environment and the 

loads represented full participation in team training and competition. However, there was some 

individual variability in the load experienced by each athlete based on position, selection in the 

team, and playing time. 

• Whilst these studies addressed postural control responses to acute and accumulated load, 

athletes were participating in a professional competition and load and recovery were managed 

by coaching staff with the intent of optimising performance. As such, no direct manipulation of 

load or recovery was undertaken. 
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• Some participants were excluded from analysis due to missing data resulting from injury and 

availability related to media demands and participation in national team training camps. 

 

1.5 Delimitations 

Delimitations placed on these investigations include: 

• These studies were conducted with professional rugby union players, and results may not apply 

to athletes in other sports with different type, volume, and intensity of training and match 

loads. 

• Postural control measures were limited to those available within SpartaTrac software (Sparta 

Science, Menlo Park, CA, USA). This was chosen based on the prevalence of the software in elite 

sporting environments and simplicity and efficiency of data collection and processing that 

enables timely decision making in an applied sport environment.  

• Assessment of post-training changes in postural control occurred across two different training 

days in order to schedule post-testing as close to the end of the training session as possible. As 

such, some natural variation in load occurred between testing days and may have impacted the 

magnitude of fatigue experienced by athletes. 

• No criterion for NMF was included due to the time intensive nature of direct assessment. 

Postural control impairment in relation to rugby union training loads infer the presence of 

fatigue, though it is recognised that other factors related to sensori-motor control may also 

influence single-leg balance and landing performance. Determination of the reliability and 

typical error in testing methods was important to account for factors outside the control of the 

experimental design.  
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• Whilst more frequent assessment of single-leg balance and landing performance would provide 

a more detailed picture of the magnitude and time-course of recovery of postural control 

following rugby union training and match load, a minimum number of testing occasions were 

used to minimise the impact of data collection on the athletes normal training schedule and 

mimic the constraints of data collection for fatigue monitoring in a team environment. 
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CHAPTER 2 

 

REVIEW OF LITERATURE 
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2.1 Overview 

Rugby union is a high-intensity collision sport consisting of two 40-min halves in which teams of 15 

players compete for possession of the ball whilst trying to advance across the opponent’s try line. This 

requires intermittent bouts of high-intensity activity including sprinting, running, jumping, tackling, 

securing and competing at the ruck, scrummaging, and mauling (Austin, Gabbett, & Jenkins, 2011a). 

These physical actions coincide with the performance of a diverse set of technical skills including kicking, 

passing, and catching all whilst executing coordinated tactical strategies in the pursuit of a victorious 

outcome. At the highest levels of professional and international competition, players are exposed to an 

average of 26 matches per year with some players appearing in over 46 matches (Quarrie et al., 2017). 

As such, the physical demands of competition as well as the rigorous training that accompanies it place 

extreme demands on the athlete (Quarrie et al., 2017). In such an environment, sustained performance 

is dependent on the ability to recover from training and competition and practitioners are continually 

seeking insight into the fatigue-recovery relationship to optimise the planning of training. 

 

Given the demands of the game and the high-stakes nature of professional and international 

competition, teams attempt to determine the most effective ways to monitor fatigue due to its 

relationship with performance and injury risk (Akenhead & Nassis, 2016; Taylor et al., 2012). As such, a 

great deal of research has investigated the various approaches to quantifying load and the relationship 

of load accumulation on performance and injury (Cross, Williams, Trewartha, Kemp, & Stokes, 2016; 

Quarrie et al., 2017). Further research also focuses on  the response to load that represents indicators of 

fatigue, including psychometric measures, biochemical measures, heart rate measures, and strength, 

speed and power measures (Starling & Lambert, 2018). This practice is confounded by the multi-factorial 

nature of fatigue that includes psychological, neurological, and physiological elements. For this reason, 
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NMF representing the diminished capacity to maintain performance output has garnered particular 

attention due to its ability to potentially provide a focal tool that encapsulates psychological, 

neurological, and physiological elements (Claudino et al., 2017; Fowles, 2006).  

 

Within an applied sport setting, NMF monitoring tools must be reliable, time-efficient, non-invasive, and 

provide coaches with actionable information for managing player’s load (Starling & Lambert, 2018). 

Countermovement jump tests have become the most widely used measures of NMF because of their 

alignment with these traits, however some have questioned their practicality due to the maximal power 

output and significant motivation that is required (Carling et al., 2018; Taylor et al., 2012). This may 

make the consistent collection of quality data challenging, particularly in the post-match window in 

collision sports when minor trauma may inhibit athletes’ maximal output and motivation (Clarke et al., 

2015). Additionally, there remains some uncertainty about the most sensitive measures for identifying 

fatigue related to acute and accumulated loads (Cormack, Newton, & McGuigan, 2008; Gathercole, 

Sporer, & Stellingwerff, 2015; Roe et al., 2016). As such, several authors have proposed novel measures 

of postural control that are more submaximal in nature, include elements of proprioception and 

neuromuscular function, and have a conceptual relationship to performance and injury risk (Austruy, 

2016; Clarke et al., 2015). 

 

Postural control is the ability to maintain the body’s centre of mass inside the base of support and 

requires integrated performance of the sensori-motor system (Paillard, 2012). The most common 

measures of postural control are static balance tests and dynamic landing tests on a force plate. There is 

evidence for the  reliability of such tests in healthy, active, and athletic populations, although the 

specific measures and methods vary greatly (Baltich, von Tscharner, Zandiyeh, & Nigg, 2014; Colby et al., 
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1999; Fransz et al., 2014; Wikstrom et al., 2005).  Further, the fatigue response of balance and landing 

tests has been demonstrated in response to treadmill running, functional movement, and sport-specific 

protocols, although the specific relationship between type, volume, and intensity of load and postural 

control test response remains unclear (Brazen, Todd, Ambegaonkar, Wunderlich, & Peterson, 2010; 

Clarke et al., 2015; Pau, Ibba, & Attene, 2014; Wikstrom et al., 2004). Therefore, there are indications of 

the potential for postural control tests to be used to monitor NMF in rugby union; however, the specific 

reliability and variability of measures as well as the responsiveness to acute and accumulated training 

and match loads in professional rugby union remain unknown. 

 

The purpose of this review is to explore the evidence and rationale for monitoring neuromuscular 

fatigue in rugby union and tools and methods available to practitioners with a special emphasis on the 

potential role of novel postural control tests of single-leg balance and landing. The scope of this review 

focuses on 1) the demands of rugby union, 2) monitoring fatigue in the applied sport setting, and 3) the 

role for novel tests of postural control for monitoring neuromuscular fatigue. The goal of this review is 

to synthesise the current literature whilst identifying current practices, existing limitations and 

knowledge gaps that inform the approach and understanding of results of future investigations into the 

application of postural control tests for monitoring NMF in rugby union. 

 

2.2 Literature Search Methodology 

Studies included in this review were those pertaining to the physical demands of rugby union, 

monitoring fatigue in applied sport settings, and the reliability and fatigue response of postural control 

tests on a force plate. All studies included in this review were identified through searches of PubMed, 
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SPORTDiscus, and Google Scholar, with further studies identified through references lists of relevant 

publications. Primary search terms included: 

• Rugby union, demands, workload, load, accumulated, training load 

• Rugby union, fatigue, monitoring, response, athlete monitoring, neuromuscular fatigue, 

countermovement jump, counter-movement jump 

• Postural, control, stability, sensorimotor, sway, balance, center of pressure, stabilisation, 

landing, dynamic, force plate, kinematic, reliability, variability, fatigue, response, sway velocity, 

landing force, landing impulse, time to stabilisation, single leg, single-leg, one leg, one-leg, 

unipedal 

The articles were initially screened for duplication, and then assessed for inclusion by title, abstract, 

then full text. Studies were excluded if: 

• Full text not available 

• Text not available in English 

• Prior to 1995 (professionalization or rugby union) 

• Rugby union demands related to a non-professional and international competition 

• Postural control related to elderly or ill populations 

• Postural control exclusively assessed using methods other than kinetic or kinematic 

measures 

The PRISMA diagram (Figure 2.1) outlines steps evaluating the relevance of studies through the review 

process. 
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Figure 2.1 PRISMA flow diagram detailing the literature search and refinement process. 

 

 

 

 

 

  

Records identified through database searches: 
PubMed (n = 2383) 

SPORTDiscus (n = 537) 
Google Scholar (n = 3853) 

Records after duplicates removed 
(n = 2745) 

Records excluded 
(n = 2492) 

Records screened 
(n = 2745) 

Full-text articles assessed for eligibility 
(n = 253) 

Records excluded for inappropriate 
cohort or study design 

(n = 119) 

Articles sourced from reference 
lists of articles selected for 

inclusion 
(n = 12) 

Final selection of papers included in the 
literature review 

(n = 146) 
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2.3 Physical Demands of Rugby Union 
 

There are more than 4000 professional rugby union players around the world (Quarrie et al., 2017). 

Rugby union became a professional sport in 1995 and since then the intensity and demands have 

increased as the game has grown and become more popular (Austin et al., 2011a). With the growth of 

the game, expansion of professional leagues, and increased international competition, professional 

players participate in 15-20 matches (789-961 minutes) with 20% competing more than 25 times and 

5% competing more than 30 times per year (Quarrie et al., 2017). In addition to the competition 

schedule, players experience significant additional exposure to training with reports of competition only 

representing 5-11% of participation time whilst rugby training, gym training, conditioning, and recovery 

make up 89-95% of participation (Fuller, Laborde, Leather, & Molloy, 2008; Fuller, Sheerin, & Targett, 

2013; Viljoen, Saunders, Hechter, Aginsky, & Millson, 2009). Further, several major professional 

competitions are spread across multiple continents resulting in significant travel with reports of elite 

international players covering 158,000 Km and 74 time zones in a single year (Quarrie et al., 2017). 

Given the context of professional competition, the subsequent sections of this review will detail the 

specific demands of rugby union matches and training in order to explore the acute and accumulated 

loads which may contribute to NMF. 

 

2.3.1 Match Loads 

Rugby union matches have been extensively studied using both video analysis and wearable global 

positioning system (GPS) and heart rate (HR) technology to understand the demands of the game and 

guide specificity of training (Austin et al., 2011a; Cunningham et al., 2016; Delaney et al., 2017; Dubois 

et al., 2017; Jones, West, Crewther, Cook, & Kilduff, 2015; Quarrie, Hopkins, Anthony, & Gill, 2013; 
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Reardon, Tobin, & Delahunt, 2015). Match demands are typically represented by running distance and 

speed (Austin et al., 2011a; Dubois et al., 2017; Jones et al., 2015; Quarrie et al., 2013), high intensity 

collision efforts of tackle, ruck, maul, and scrum (Austin, Gabbett, & Jenkins, 2011b; Jones et al., 2015) 

as well as alternative measures of acceleration and deceleration (Cunningham et al., 2016) and 

metabolic load (Cunningham et al., 2016; Delaney et al., 2017; Dubois et al., 2017). Whilst interpretation 

of results can be confounded by different assessment methods and intensity thresholds, some general 

conclusions can be made about match demands. A summary of reported match load measures can be 

found in Table 2.1 

 

In summary, running demands range from around 4700-6300m total distance, 150-750m high speed 

running distance and 65-1075m sprint distance with progressively larger volumes at each speed zone for 

tight forwards, loose forwards, inside backs and outside backs respectively (Jones et al., 2015). High 

metabolic load distance represents acceleration and deceleration > 2.0 m·s-1·s-1 plus running > 5.0 m·s-1 

and ranges from 600-1175m (Cunningham et al., 2016). High intensity efforts include repeated bouts of 

high acceleration (> 2.79 m·s-1·s-1), high speed running (> 5.0 m·s-1), whilst collisions range from 18-52, 

with greater high intensity efforts reported for forwards than backs due to increased collisions (Jones et 

al., 2015). Together, these measures derived from video analysis and wearable GPS provide a well-

rounded picture of the spectrum of physical demands within rugby union match play across the 

different position groups. More specifically, these data provide insight into the prevalence of 

accelerations, decelerations and collisions and can inform the potential extent of residual fatigue and 

muscle damage; which in turn provides context for the monitoring of training and recovery.  
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Table 2.1 – Summary of rugby union match loads by position group 

  
Tight 

Forwards 
Loose 

Forwards Inside Backs 
Outside 

Backs Reference 

 
Total Distance (m)  

4662 - 5408 5100 - 5812 5700 - 6095 4774 - 6272 

 
(Austin et al., 
2011a; Jones et 
al., 2015; Quarrie 
et al., 2013)  

 
High Speed Running / 
Striding Distance (m) 
  

147 - 335 306 - 457 480 - 557 566 - 757 
(Jones et al., 
2015; Reardon et 
al., 2015) 

 
Sprinting Distance (m) 
  

65 166 300 392 (Jones et al., 
2015) 

 
High Metabolic Power 
Distance  
(m > 20 W·Kg¯¹) 
  

600 911 1175 1076 (Cunningham et 
al., 2016) 

 
High Intensity Effort Count 
(HSR, Accel, Decel, Tackle, 
Ruck, Scrum, Maul) 
  

44 52 18 24 ( Jones et al., 
2015) 

 
Accel + Decel (>2 m·s-1·s-1) 
  

43 72 78 69 (Cunningham et 
al., 2016) 

HSR = High Speed Running; Accel = accelerations; Decel = decelerations 
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2.3.2 Training Loads 

The extensive evidence for rugby union matches is contrasted by limited evidence for rugby union 

training loads despite reports of non-match activities accounting for up to 95% of total exposure 

(Quarrie et al., 2017). Training is generally comprised of technical and tactical preparation (team 

practice), positional skills, gym-based training, and conditioning (Quarrie et al., 2017). A systematic 

review of training volume and injury incidence by Ball and colleagues (2017) reports 4.0-9.7 

hours/player/week during international and professional pre-competition and competitive training 

phases (Brooks, Fuller, Kemp, & Reddin, 2005; Holtzhausen, Schwellnus, Jakoet, & Pretorius, 2006). 

Exposure was higher during pre-competition (6.0-9.7 hours/player/week) compared to competition (4.0-

7.3 hours/player/week) (Brooks et al., 2005; Brooks, Fuller, Kemp, & Reddin, 2008; Holtzhausen et al., 

2006) phases and higher for forwards (8.0 hours/player/week) compared to backs (7.5 

hours/player/week) (Brooks et al., 2005).  

 

Further detailed inspection of training load, as based on session RPE (sRPE-TL) and GPS total distance 

and high-speed running distance, provide insight into the daily, weekly, and monthly (or 4 week) loads 

experienced by professional rugby union players. Daily loads are the least commonly reported, with one 

study reporting 3096 ± 675 m total distance, 127 ± 202 m high speed running distance, and 178 ± 67 AU 

sRPE-TL for on field skills training (Weaving et al., 2018) and another study reporting 245 ± 33 AU for 

total daily load (Brooks et al., 2005). Weekly loads are the most commonly reported measures with 

sRPE-TL ranging from 1891-3398 AU during pre-season (Bradley, Cavanagh, Douglas, Donovan, Morton, 

et al., 2015; Cross et al., 2016; McLaren, Smith, Bartlett, Spears, & Weston, 2018; Roe, Darrall-Jones, Till, 

Phibbs, Read, Weakley, & Jones, 2017; Tiernan, Lyons, Comyns, Nevill, & Warrington, 2019) and 1297-

1776 AU in-season in professional rugby union players (Bradley et al., 2015; Cross et al., 2016; Dalton-



21 
 

Barron et al., 2018). Similarly, a study by Williams et al. (2017) reported mean  weekly sRPE-TL of 1528-

2048 for the entire season across 4 English Premiership rugby union teams. Mean weekly distance 

measures are reported between 9774-11,583 m total distance and 417-894 m of high speed running 

during the pre-season and 7827-9572 m total distance with 194-617 m high speed running in-season 

(Bradley et al., 2015; Bradley, Cavanagh, Douglas, Donovan, Morton, et al., 2015). Finally, cumulative 4-

week or monthly sRPE-TL are reported between 3891-6030 AU (Williams et al., 2017) and peak and low 

sRPE-TL of 11021 and 4000 AU respectively (Cunniffe et al., 2010). Collectively, these data provide 

insight into the acute and accumulated loads experienced by professional rugby union players. Thus, 

successful performance requires teams to invest significant time and energy into training these 

elements in the gym and on the field both during the pre-season and within each in-season micro-cycle 

(Roe et al., 2016). The result is substantial acute and accumulated load that must be managed in order 

to maximise performance and minimise risk of injury (Starling & Lambert, 2018). To this end, 

practitioners are increasingly focused on tools to monitor athletes’ response to load (fatigue) which can 

be used to guide the planning of training and recovery (Quarrie et al., 2017). 
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Table 2.2 – Summary of rugby union weekly training loads for pre-season and in-season periods. 

  Pre-Season In-Season Reference 

1 Week sRPE-TL (AU) 

Average = 2360 
 
 

Range = 1891 – 3398  

Average = 1497 
 
 

Range = 1297 – 1776  

 
Pre-season 

(Bradley et al., 2015; Cross et 
al., 2016; McLaren et al., 
2018; Roe et al., 2016; Tiernan 
et al., 2019)  

 
In-season 

(Bradley et al., 2015; Cross et 
al., 2016; Dalton-Barron et al., 
2018) 
  

1 Week Total Distance (m) 

 
Forwards = 9774 

 
Backs = 11,583 

  

 
Forwards = 7827 

 
Backs = 9572 

  

(Bradley et al., 2015) 

1 Week HSR Distance (m) 

 
Forwards = 417 

 
Backs = 894 

  

 
Forwards = 194 

 
Backs = 617 

  

(Bradley et al., 2015) 

sRPE-TL = session rating of perceived exertion training load; AU = arbitrary units; HSR = high speed 
running 
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2.4 Monitoring Fatigue in Applied Sport Settings 

Given the training and match demands outlined in the previous section, along with the many external 

stressors that elite rugby union player’s face, managing load, recovery and fatigue is of high importance 

to coaches and support staff (Quarrie et al., 2017). High training volumes are necessary to develop the 

physical qualities and technical skills required of the game and there is evidence that high accumulated 

training loads may have a protective effect against injury (Cross, Kemp, Smith, Trewartha, & Stokes, 

2016). However, the accumulation of load must be carefully managed in order to elicit the positive 

adaptations of training exposure, whilst mitigating the risk of impaired performance or injury associated 

with overreaching or excessive acute spikes in load (Quarrie et al., 2017). As such, practitioners are 

continually focused on understanding athletes’ recovery and fatigue response to training and match 

loads.  

 

Numerous tools are available for quantifying fatigue (and will be discussed); however, performance tests 

of neuromuscular fatigue (NMF) are prominent because of their objective assessment of performance 

output, which may encompass numerous psychological and physiological factors (Taylor et al., 2012). 

Whilst the importance of monitoring fatigue is clearly valued in relation to performance and injury risk, 

practitioners face several challenges in effectively executing fatigue monitoring protocols in elite sport 

(Akenhead & Nassis, 2016; Carling et al., 2018; Starling & Lambert, 2018). In ecologically valid settings, 

these challenges require that monitoring tools are time efficient and not resource intense for the 

collection and processing of data, require limited physical effort and are non-aversive to athletes, and 

have established reliability, sensitivity and validity (Starling & Lambert, 2018). The scope of the following 

section of this review will include initial exploration of the foundations of training, fatigue, and recovery 
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processes, before discussion of common methods for monitoring neuromuscular fatigue in rugby union 

with an emphasis on evidence for the reliability, validity and limitations of such tests. 

 

2.4.1 The Fatigue and Recovery Process 

Training for athletic performance is based on the concept that physiological adaptations occur in 

response to stress placed on the athlete resulting in supercompensation to maintain homeostasis in the 

presence of the new stress (Meeusen et al., 2013).  This adaptation follows a dose-response relationship 

in which higher “doses” of stress require a longer period of time for the adaptation “response” (Wyatt, 

Donaldson, & Brown, 2003). As presented in Figure 2.2, for positive adaptation to occur, successive 

bouts of stress must be timed in a way that allows for the addition of those bouts to appropriately 

supplement each other and thus promote a state of adaptation.  If there is not sufficient time for the 

return to some  homeostatic balance, accumulated stress can result in maladaptation (Hooper, 

Mackinnon, Howard, Gordon, & Bachmann, 1995).  Hence the balance between the respective 

timeframes of accumulating stress and adaptation creates a continuum anchored by the respective 

states of fatigue and recovery (Halson et al., 2002).  
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Figure 2.2 -  Acute fatigue (A), functional overreaching (B), supercompensation (C) (Zatsiorsky & 
Kraemer, 2006) 

A 
B 

C 
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Understating the nature and scope of fatigue assists in managing the recovery response and is vital to 

maximising performance throughout the training process (Bishop, Jones, & Woods, 2008). As 

schematically represented in Figure 2.3, the timeframe of accumulated stress creates a continuum of 

fatigue and recovery (Halson & Jeukendrup, 2004).  At one end of the spectrum, acute fatigue is the 

result of a single stressor (training session or competition) and can require up to 72 h for recovery based 

on the magnitude of the stimulus. Further along this continuum, overreaching is the result of multiple 

stressors without adequate time for recovery between.  Supercompensation can occur from a state of 

overreaching if adequate recovery is provided (usually 1-2 weeks) (Meeusen et al., 2013).  Planned 

overreaching with subsequent recovery is called functional overreaching, and is a targeted strategy 

often used during an intensified training period to produce greater adaptation (Halson & Jeukendrup, 

2004).  When adequate recovery is not provided, non-functional overreaching occurs and the timeframe 

of recovery from this state is highly variable (Halson et al., 2002).  As an athlete progresses along this 

spectrum, overtraining syndrome can occur when an athlete has not recovered from multiple stressors 

after several months of rest (Meeusen et al., 2013).   

The cyclical process of training/competition prevalent in rugby union requires careful planning to 

optimise the recovery and preparation of elite athletes for ensuing competition performance (Fowles, 

2006). Changes in the function of the nervous system and musculoskeletal system in athletes who are 

overreached or over trained can result in observable changes in their psychology, cardiovascular system, 

biochemistry, and performance outputs (Wyatt et al., 2003).  These observable changes form the basis 

for coaches to monitor the fatigue-recovery response in hopes of identifying individual variations in 

response to training; thus modifying load and recovery to prevent performance reductions associated 

with overreaching and overtraining (Hooper et al., 1995).  
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Figure 2.3 - The Fatigue Continuum.  Adapted from (Halson & Jeukendrup, 2004) 



28 
 

2.4.2 Models of Fatigue 

The definition of fatigue is often adapted based on the discipline in which the research is undertaken. 

Consequently, definitions encompass terms of force output, failure of physiological systems, and even 

the ‘sensation’ of tiredness (Abbiss & Laursen, 2007). Furthermore, the neuromuscular system attempts 

to compensate for the decrease in force generating capacity by employing a variety of mechanisms 

across the nervous and muscular systems in order to delay the point of task failure (Claudino et al., 

2017). Some authors have proposed an overarching model of fatigue in which various afferent channels 

provide feedback to the brain where they are organised by a centrally into perceived fatigue (Weir, 

Beck, Cramer, & Housh, 2006). In this case, as presented in Figure 2.4, fatigue is a symptom of decreased 

physical and psychological functioning represented by connections between performance fatigability 

and perceived fatigability (Enoka & Duchateau, 2016). In this model perceived fatigability is dependent 

on elements of homeostasis and psychological state whilst performance fatigability is dependent on 

muscle activation and contractile function (Enoka & Duchateau, 2016).  

With this construct in mind, it is important to consider how the various sub-elements of perceived and 

performance fatigue are related to observable changes in athletes’ psychology, cardiovascular system, 

biochemistry, and performance. Truly understanding the complex interactions of these sub-elements of 

fatigue and using this information to guide training and recovery can be a daunting task for practitioners 

in high performance sport. As a result, performance tests may serve as a proxy for the balance between 

fitness and fatigue (Banister, 1991). The subsequent section will review elements of neuromuscular 

fatigue as they relate to the cumulative response of acute and chronic homeostatic, psychological, 

mechanical, and biochemical changes responsible for fatigue (Boyas & Guevel, 2011). 
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Figure 2.4 - Interdependent attributes of fatigue and their modulating factors (Enoka & Duchateau, 

2016) 
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Neuromuscular Fatigue 

Whilst it is clear that fatigue is complex and multifaceted (Halson, 2014), the process can be simplified 

by focusing on NMF as the reduction of the ability to produce force and control muscle action (Cairns et 

al., 2005). This incorporates all the elements of central, peripheral, physiological and psychological 

fatigue and emphasizes performance output rather than indirect measures of biochemical status, 

psychological wellbeing, and physiological state (Enoka & Duchateau, 2016). Furthermore, a specific 

type of NMF termed “low frequency fatigue” is a long-lasting form of NMF that results from high-

intensity, moderate to high force, repetitive eccentric or stretch shortening cycle activity (Fowles, 2006). 

Components of low frequency fatigue include decreases in low frequency (<20/sec) force production, 

slow recovery requiring 2-4 days, and persistence of fatigue symptoms despite the absence of metabolic 

or electrical disturbance (Jones, 1996). Low frequency fatigue is speculated to be prevalent in elite sport, 

and an important underlying component of performance decreases associated with NMF (Fowles, 2006). 

The inclusive nature of the NMF construct and the objective measurement of performance decrements 

make NMF tests a more effective approach for assessing fatigue in rugby union than psychological or 

physiological markers alone.  Ultimately, such insight can then be used to make decisions regarding the 

loading and recovery of athletes in a competition that requires performance on a weekly basis 

regardless of soreness or perceptions of fatigue. 

 

Central and Peripheral Fatigue 

Central fatigue is defined by decreased voluntary muscle activation, and includes supraspinal and spinal 

mechanisms responsible for decreased motoneuron excitation (Boyas & Guevel, 2011). Central fatigue 

hypothesis has been proposed as a protective mechanism against excessive muscular damage by 

limiting “neural drive” to the muscle (Bishop et al., 2008). Central fatigue is often investigated by 



31 
 

measuring differences in force between maximal voluntary contraction and electrical stimulation (EMS) 

of a muscle, with a peak force generated by EMS greater than that of maximal voluntary contraction 

indicating fatigue from the central pathways (Cairns et al., 2005). Mechanisms responsible for central 

fatigue (represented in Figure 2.4) include changes in neurotransmitter concentrations (serotonin and 

dopamine) which decrease corticospinal descending excitation, and muscle afferents (muscle spindles, 

Golgi tendon organs), which inhibit the activity of alpha motoneurons (Boyas & Guevel, 2011). Central 

fatigue seems to occur primarily during or following prolonged low-intensity submaximal muscle 

contractions (Boyas & Guevel, 2011). These types of contractions are common to intermittent team 

sports like rugby union and contribute to central fatigue (West et al., 2014).  

 

Peripheral fatigue is defined by a reduction in the rate and force of muscular contraction (Boyas & 

Guevel, 2011). Key areas where alteration of muscle contraction occur (Figure 2.4) are transmission at 

the neuromuscular junction, muscle action potential propagation, and excitation-contraction coupling 

(Bigland-Ritchie, Zijdewind, & Thomas, 2000). As examples of the above, calcium regulation is often 

highlighted as having an important role in muscle contraction, whilst the accumulation of inorganic 

phosphates and a reduction in available adenosine triphosphate may limit the release of calcium ions 

and interfere with muscle contraction resulting in peripheral fatigue (Boyas & Guevel, 2011). From a 

systemic viewpoint, blood flow and the regulation of these metabolic substrates also affects peripheral 

fatigue due to accumulation of inorganic phosphate and depletion of muscle glucose which affects 

prolonged submaximal exercise (70-80% of maximal aerobic power) (Boyas & Guevel, 2011). Together, 

these peripheral factors of muscle failure contribute to decreased muscular force production and 

performance. 
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Figure 2.5 – Failure of processes at any point during muscle activation can be classified as central 

mechanisms of fatigue, whilst failures during contractile function can be classified as peripheral 

mechanisms of fatigue (Enoka, 2015). 
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In summary, monitoring fatigue and recovery is important for identifying athletes’ ability to recover and 

adapt in order to plan appropriate training loads to maximise performance (Fowles, 2006). 

Understanding of the central, peripheral, and psychological fatigue mechanisms and the subsequent 

recovery process forms the basis for evaluation of various tools for monitoring fatigue as they pertain to 

managing the training process of elite athletes (Austruy, 2016). Of particular interest are performance 

tests of NMF that represent the inability to maintain a given force or power output (Cairns et al., 2005), 

regardless of underlying central, peripheral or psychological mechanisms (Boyas & Guevel, 2011) due to 

the difficulty of directly assessing central and peripheral mechanisms in applied sport settings. Hence, 

the following section will explore the evidence for methods of monitoring NMF in rugby union, with a 

special focus on performance tests that are commonly applied in elite and professional teams (Taylor et 

al., 2012). 

 

2.4.3 Monitoring Neuromuscular Fatigue in Rugby Union 

Insight into the state of fatigue of an athlete is important for practitioners wishing to optimise the 

training and recovery plan between competitions in rugby union (Starling & Lambert, 2018). This process 

is clouded not just by the nature of fatigue, but by the numerous subjective measures, biochemical, 

physiological, and performance tests available for monitoring athlete fatigue (Akenhead & Nassis, 2016; 

Saw et al., 2016). This double-clouding of mechanism and measure creates a lack of certainty about the 

best measures and can lead to a ‘shotgun approach’ of monitoring multiple elements of fatigue to 

ensure that nothing is missed (Starling & Lambert, 2018). However, this approach can contribute to 

limitations of the effectiveness of fatigue monitoring, which are the time and human resources required 

for data collection and analysis (Akenhead & Nassis, 2016; Coutts, 2014; Starling & Lambert, 2018). For 
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example, a survey of rugby coaches and support staff by Starling and Lambert (2018) indicates that the 

qualities of an ideal monitoring protocol include: 

• Immediate feedback 

• Time efficient (5-10 minutes) 

• Easy to administer 

• Inexpensive – equipment and human resources 

• Can be completed by the whole team simultaneously 

• Non-fatiguing 

• Non-invasive 

• Reliable 

• Valid 

• Sensitive to change 

These qualities may be influenced by the survey population which included youth and amateur 

organizations where resources are most limited. The reality in elite professional organizations suggests 

the common use of multiple assessments and measures of fatigue (Akenhead & Nassis, 2016; Starling & 

Lambert, 2018; Taylor et al., 2012) despite the aforementioned challenges. 

 

Psychological, Biochemical, and Heart Rate Measures of Fatigue 

 

Whilst separate to the scope of this review, it is important to briefly recognise the multitude of available 

methods for monitoring fatigue and recovery. Measures of both psychological and physiological fatigue 

and recovery are well documented in the literature and include subjective self-report questionnaires, 

hormonal profiling and heart rate indicators of autonomic nervous system function (Taylor et al., 2012). 
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Psychometric markers are some of the better documented fatigue monitoring tools in the rugby union 

literature. As brief examples, research has demonstrated that Brief Assessment of Mood scores were a 

marker of acute match fatigue (Shearer et al., 2015; West et al., 2014), whilst Oliver and colleagues 

(2015) observed well-being recovered between matches despite decreases in neuromuscular 

performance over the course of a season. This may indicate fundamental differences between 

psychological/perceived fatigue (or mood) that respond acutely, whilst NMF accumulates over time and 

contributes to reduced performance (Fowles, 2006). Biomarkers of fatigue have also been established in 

rugby union and include evidence for increases in post-match CK levels in relation to impacts and 

collisions for all positions and high speed running (HSR) for backs (Jones et al., 2014; Smart, Gill, Beaven, 

Cook, & Blazevich, 2008). A number of studies have indicated that testosterone and cortisol were 

sensitive to rugby match load (Shearer et al., 2015; West et al., 2014), and Argus et al. (2009) reported a 

small decline in testosterone to cortisol (T:C) ratio over the course of a 13 week rugby union 

competition. Whilst popular in other football codes, reports of heart rate measures of autonomic 

nervous system response to fatigue are scarce in rugby union. One known study by Noon and colleagues 

(2018) reports very large to moderate response of resting HR and heart rate variability, respectively, to 

high volume intermittent interval training. However, the authors suggest that such HR measures lack 

sensitivity for identifying small individual changes (Noon et al., 2018). Whilst recognizing the evidence 

and application of the aforementioned methods of monitoring fatigue, they each asses specific 

modulating factors of interdependent attributes of fatigue as a whole (Enoka & Duchateau, 2016). 

Alternatively, some have highlighted the importance of NMF in an attempt to simplify and objectify 

athlete monitoring since performance output may represent the cumulative result of underlying 

physiological and psychological factors (Saw et al., 2016). Further, performance tests of NMF may 

provide the most relevant correlate for performance output in the rugby union training and match 

context. 
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Performance Tests of Neuromuscular Fatigue 

 

Given the importance of NMF to sports performance, tests that mimic the demands of competition are 

most valid approach to assessing NMF (Bishop et al., 2008); however, they are often impractical due to 

the physical load required and challenge of accurately replicating match demands, especially in team 

sports. As a result, performance tests of strength, speed, power and submaximal running have been 

largely adopted as indirect measures of the physiological and psychological elements that underpin 

performance output (Carling et al., 2018; Roe, Darrall-Jones, Till, Phibbs, Read, Weakley, & Jones, 2017; 

Taylor et al., 2012). The prevalence of these tests in high-performance sport is shown in Figure 2.5, 

where CMJ test are clearly evident as most prevalent performance tests for monitoring NMF in applied 

sport settings (Taylor et al., 2012).   However, their use has been challenged due to evidence for the 

importance of task specificity, uncertainty about the most meaningful CMJ measures, physical demand 

on athletes, required motivation for maximal performance, and time required for testing an entire team 

of athletes (Austruy, 2016; Cairns et al., 2005; Carling et al., 2018; Clarke et al., 2015; Johnston, 

Watsford, Kelly, Pine, & Spurrs, 2014; Starling & Lambert, 2018; Wehbe, Gabett, Dwyer, McLellan, & 

Coad, 2015). The subsequent review will explore performance tests of NMF in rugby union with an 

emphasis on the fatigue response and practical limitations related to the ideal qualities of athlete 

monitoring tools. 

  



37 
 

 

 

 

  

Figure 2.6 - Prevalence of performance tests used in high 
performance sports (Taylor et al., 2012) 
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Strength, Sprint and Jump Tests 

 

Strength, sprint, and jump tests are utilised as a method of assessing performance output with the goal 

of gaining insight into the neuromuscular qualities that underly sport performance. The evidence, 

application, and limitations of each will be further discussed. Classically, lab-based studies have used 

isometric and isokinetic strength (both voluntary and involuntary) tests as criterion measures of NMF 

(Deschenes et al., 2000). Whilst this approach provides objective clinical results, it does not reflect the 

task dependency requirements for ecological validity of NMF monitoring tools (Fowles, 2006), nor does 

it provide the necessary time-efficiency for application in a team setting (Carling et al., 2018). As a 

practical alternative, gym-based dynamic strength tests demonstrate performance decreases in the 

squat and bench press during periods of deliberate overreaching in rugby league players (Coutts, 

Reaburn, et al., 2007).  Interestingly in rugby union, strength and power tests (bench press, box squat, 

bench throw, squat jump) demonstrate trivial changes over the course of a professional season (Argus 

et al., 2009). Whilst conceivable that maximal strength tests could provide valid insight into NMF in 

sports where maximal strength is required, they require a high degree of technical proficiency and may 

be too physically demanding to be performed on a regular basis, thus limiting their application for 

regular NMF monitoring (Taylor et al., 2012). 

 

Sprint testing is another common performance test of NMF given the relevance of linear speed to rugby 

union and other  performance (Marrier et al., 2017). Evidence from across sporting populations has 

demonstrated the viability of sprint testing as another method for identifying NMF, as evidenced by 

decreased sprint performance post-training and post-match in elite female handball players (Ronglan, 

Raastad, & Borgesen, 2006). However, whilst immediate reductions in 20m sprint performance are 

reported following a fatiguing running protocol, performance was recovered within 24 hours 
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(Gathercole, Sporer, Stellingwerff, & Sleivert, 2015). From a longitudinal approach, collegiate soccer 

players showed decreased 20yd sprint performance in starters but not reserves, and no changes in 40yd 

sprint performance in either group across a competitive season (Kraemer et al., 2004).  Studies involving 

rugby union players have demonstrated significant increases in 10m and 40m sprint times at a number 

of time points post-match (Higgins, Climstein, & Cameron, 2013). In addition to over-ground sprint tests, 

Wehbe et al. (2015) recently introduced a novel cycle-ergometer sprint test reporting reductions in peak 

power 24 hours post-match in under-18 AFL players. This approach based on cycle ergometer peak 

power has recently been applied to weekly monitoring of professional rugby union players across a 6-

week training block. Results indicate possibly small impairments in peak power; however, these changes 

were not as definitive as concurrent impairments in CMJ variables, suggesting that CMJ tests may be 

more relevant for rugby union players given the prevalence of stretch shortening cycle activities within 

the demands of training (Roe  et al., 2017). Together, the research indicates mixed results on the 

effectiveness of various sprint testing protocols for the monitoring of NMF with population and test 

methods possibly playing a role. Further limitations may include the physical demand and risk associated 

with performing over-ground sprint tests in a fatigued state (Wehbe et al., 2015). 

 

Due to the limitations of effort, technical proficiency, and injury risk associated with strength and sprint 

tests, jump tests have become one of the most prevalent methods for assessing NMF (Taylor et al., 

2012). Several types of jump test have been investigated and include depth jumps, repeated jumps, 

squat jumps and countermovement jumps (Claudino et al., 2017). These tests have been assessed using 

various technology including linear position transducers, contact mats, and force plates (Hori et al., 

2009; Markovic, Dizdar, Jukic, & Cardinale, 2004). CMJ tests performed on a force plate are the most 

common due to the capacity for accurate and reliable assessment of ground reaction force variables 

that provide detailed insight into neuromuscular function and movement mechanics (Claudino et al., 



40 
 

2017; Gathercole et al., 2015; Kennedy & Drake, 2017). Whilst numerous studies have investigated the 

application of CMJ testing for monitoring NMF in responses to acute and loads in rugby union, the best 

methods and measures remain unclear (Austruy, 2016; Carling et al., 2018; Quarrie et al., 2017), and the 

following section will review the reliability and validity of CMJ measures for monitoring NMF in rugby 

union.  

 

2.4.4 Fatigue Monitoring using Countermovement Jump for Rugby Union 

 

CMJ Reliability 

 

As noted, understanding the reliability of monitoring tools is an important pre-requisite for their 

accepted implementation (Starling & Lambert, 2018). The most common measure of test-retest 

reliability is the intraclass correlation coefficient (ICC) which represents the rank-order correlation 

between the same group tested on multiple occasions (Shrout & Fleiss, 1979). Further, the coefficient of 

variation (CV), defined as the SD of the difference between tests divided by the mean, is commonly 

reported as a practical measure of variability (Hopkins, 2004). The CV (reported as a % of the mean) can 

be used in conjunction with the smallest worthwhile change (SWC), defined as 0.2 times the between 

athlete SD, to determine the sensitivity of performance measures (Hopkins, 2004).  Together, the ICC 

and CV can provide an indication of the reliability and sensitivity of measures. In order to determine if 

changes in CMJ are real or the result of typical error, the reliability of methods and measures within the 

specific population and environment should be determined (Kennedy & Drake, 2018; Roe et al., 2015). 

The subsequent portion of this review will investigate factors and evidence related to the reliability and 

sensitivity of testing methods for identifying NMF in rugby union 
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Numerous measures are available to represent CMJ performance on a force plate. Gathercole et al. 

(2015) report 22 different variables representing typical CMJ output and alternative CMJ mechanics. 

With so many options, practitioners are challenged to choose the most sensitive and valid measures. 

Table 2.3 presents a summary of the reliability of commonly reported CMJ measures from relevant 

populations. Overall, most measures appear to have CVs near or below 5%, satisfying common 

thresholds for acceptable reliability (Gathercole et al., 2015; Roe et al., 2015). However, a limited 

selection of measures may be capable of detecting the SWC, with peak power, mean power, peak force, 

mean force, peak velocity, and jump height demonstrating potential as the most sensitive measures 

although conflicting results between methods exist (Cormack, Newton, & McGuigan, 2008; Gathercole 

et al., 2015; Kennedy & Drake, 2018; Noon et al., 2018; Roe et al., 2016). 

 

  



42 
 

Table 2.3 - Summary of the reliability of common CMJ measures from investigations of rugby union and 
relevant team-sport athletes 

Population 
(Author) 

Processing 
Method Measure %CV %SWC Notes 

25 elite youth 
rugby union 
players  
 
(Roe et al., 2015) 

Best of 3 trials 

CMJ-JH 
CMJ-FT 
CMJ-PP 
CMJ-MP 
CMJ-PF 
CMJ-MF 

CMJ-FT:CT 

4.6 
2.3 
3.5 
3.0 
3.1 
1.0 
5.5 

2.4 
1.2 
3.3 
3.3 
3.9 
3.1 
2.1 

Acceptable reliability (CV<5%) 
and good sensitivity 
(CV<SWC)for CMJ-MP, PF, MF 

15 rugby union 
players  
 
(Kennedy & 
Drake, 2018) 

8 trials 
 
Average or 
Best 

CMJ-JH 
CMJ-PP 
CMJ-PF 
CMJ-PV 

CMJ-FT:CT 
CMJ-RSImod 

2.5 
1.8 
3.5 
1.0 
6.0 
5.0 

3.3 
2.2 
2.0 
1.4 
4.0 
2.5 

Average of 2-3 trials for CMJ-
PP, PV, JH demonstrate good 
sensitivity (CV<SWC) 

13 academy 
rugby union 
players  
 
(Noon et al., 
2018) 

Best of 3 trials CMJ-JH 5.2 3.9   

15 elite 
Australian rules 
football players  
 
(Cormack et al., 
2008)  

Single trial 

CMJ-JH 
CMJ-FT 
CMJ-PP 
CMJ-MP 
CMJ-PF 
CMJ-MF 

5.0 
3.3 
2.9 
5.5 
2.2 
1.0 

1.3 
0.9 
1.5 
2.0 
1.2 
0.9 

Acceptable reliability (CV<10%) 
however (CV>SWC) 

11 male college-
level team sport 
athletes 
 
(Gathercole et 
al., 2015) 

4 most 
consistent of 6 
trials 

CMJ-JH 
CMJ-FT 
CMJ-PP 
CMJ-MP 
CMJ-PF 
CMJ-MF 
CMJ-PV 

CMJ-FT:CT 
CMJ-F@0V 

CMJ-ConDur 

4.9 
1.1 
2.7 
2.8 
4.3 
3.1 
2.5 
5.2 
4.4 
5.1 

Not 
Reported 

Good reliability (CV<5%) for 
most 'output' variables and 
acceptable reliability (CV 5-
10%) for most eccentric / time 
'mechanics' variables 

%CV = coefficient of variation as % of mean; %SWC = smallest worthwhile change as % of mean; CMJ = 

countermovement jump; JH = jump height; FT = flight time; PP = peak power; MP = mean power; PF = peak 

force; MF = mean force; PV = peak velocity; FT:CT = flight time to contraction time ratio; F@0V = force at 0 

velocity; ConDur = concentric duration 



43 
 

One key element of testing methods is the number of trials required, and how multiple trials are processed 

(average or best). Across the relevant literature reporting the reliability of CMJ measures in collision sport 

athletes, several methods have been employed, including using a single jump (Cormack et al., 2008), using 

the best of 3 trials (Noon et al., 2018; Roe et al., 2015) or averaging the most consistent 4 out of 6 

(Gathercole et al., 2015). A study by Kennedy and Drake (2018) investigated the best methods for processing 

CMJ trials in rugby union players. Eight CMJ trials were performed on two occasions (7 days apart) and %CV 

for the average and best of up to 8 trials was compared to % SWC. Results indicated that average values 

produce lower CVs than best values and reliability improves with more trials. In order to achieve acceptable 

reliability with maximal efficiency authors recommend the average of 2-3 trials, however the reliability of 

each measure should be determined as some methods fail to achieve acceptable reliability (Kennedy & 

Drake, 2018). 

 

In summary, there is ample evidence for the reliability of numerous CMJ measures in rugby union and 

collision-based team sport athletes. The results of previous investigations may serve as a guide in the 

selection of methods and measures, however studies should determine the specific reliability of measures 

within their population and environment (Starling & Lambert, 2018). Typical output measures of peak and 

mean power and force may provide the best reliability, however alternative measures of jump mechanics 

may also be considered due to their potential responsiveness to fatigue (Gathercole et al., 2015; Kennedy & 

Drake, 2017). Regardless of the choice of variables, an understanding of the CV and SWC provides 

practitioners with the foundation for interpreting changes in performance (Hopkins, 2004) and should be 

foundational to any investigation. 
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Countermovement Jump Response to Fatigue 

 

When investigating the response of CMJ to fatigue, consideration must be given to the type of load, 

specific CMJ variables, and time-course of recovery. Nine studies have been identified that investigate 

the response of CMJ measures to various acute rugby union loads ranging from speed and weight 

training sessions to professional matches (Johnston et al., 2017; Shearer et al., 2015; West et al., 2014). 

Several of these studies also provide insight into the recovery at intervals ranging from 2 – 72h 

(Johnston et al., 2016; Nunes et al., 2019). Another nine studies are identified that investigate the 

response of CMJ measures to accumulated rugby union loads across time periods ranging from a 19 day 

tournament in elite U20s players to an entire season of professional players (Dubois et al., 2018; Lacome 

et al., 2018). Whilst the evidence is diverse, the subsequent sections of this review will draw conclusions 

about the responsiveness of various CMJ measures to different types of load as well as the factors 

affecting recovery. A summary of relevant studies is presented in Appendix 4. 

 

Acute Loads 

Investigations into the response of CMJ to acute rugby union training loads are performed primarily in 

academy level rugby union players. The content of training may influence the response of CMJ and 

include weights sessions, speed sessions, contact and non-contact training sessions, and a typical large 

pre-season training day (Johnston et al., 2016; Johnston et al., 2017; Kennedy & Drake, 2017; Noon et 

al., 2018; Roe et al., 2017). Investigations of single and multiple weights and speed sessions within a 

training day suggest that CMJ jump height, peak power, and peak velocity demonstrate impairment 

immediately post-session (ES = 0.27 – 0.80) but are recovered within two hours (at the time of the 

second session) and are further impaired at 24h (ES = 0.20 – 0.82) (Johnston et al., 2016; Johnston et al., 

2017). CMJ rate of force development may be impaired at 24h specifically following weights sessions (ES 
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= 0.48) (Johnston et al., 2016). However, the authors reported no significant differences in CMJ between 

single and double sessions and no effect of session order (weights and speed), although sprint velocities 

were significantly higher when speed was performed second (Johnston et al., 2016; Johnston et al., 

2017).  Further evidence supports the impairment of mean power, peak velocity, and jump height at 24h 

post training, however these output-based variables recovered by 48h whilst additional variables 

representing jump duration and alteration in movement strategy were observed (Kennedy & Drake, 

2017). Together, this evidence may suggest that recovery of CMJ output at 2h coincides with short term 

metabolic recovery, whilst impairments at 24-48h may be related to muscle damage, inflammation and 

neural factors (Dousset et al., 2007; Gathercole et al., 2015). Practitioners should recognise the 

potentially bimodal recovery pattern of stretch shortening cycle related NMF and note that alterations 

in movement patterns may persist beyond recovery of CMJ output (Kennedy & Drake, 2017). 

 

Additional studies on the influence of training content on CMJ response investigate the differences 

between contact and non-contact training sessions (Roe, Darrall-Jones, Till, Phibbs, Read, Weakley, 

Rock, et al., 2017). Results indicate CMJ mean power is impaired immediately after contact (ES = 0.40) 

and non-contact (ES = 0.35) training sessions, with recovery occurring at 24h following contact sessions 

but impairment remaining (ES = 0.35) following non-contact sessions. This sustained fatigue response is 

speculated to result from increased running volume associated with non-contact training. Interestingly, 

this same study also measured plyometric push up response and indicated the specificity upper and 

lower body NMF responses to respective contact and non-contact training sessions (Roe et al., 2017). 

 

CMJ response to rugby union match loads have been investigated primarily in professional populations. 

Both West (2014) and Shearer (2015) investigated the response of CMJ peak power alongside 
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biochemical and subjective measures at 12, 36 and 48h following professional rugby union matches. 

Results indicate impairment of CMJ peak power at 12h (ES = 0.73 – 0.82) and 36h (ES = 0.56) with 

recovery within baseline at 60h (Shearer et al., 2015; West et al., 2014). A related study of CMJ response 

following a friendly match in Brazilian professional rugby union players reports smaller (ES = 0.07 – 0.22) 

and unclear impairment of peak power, but impaired jump height and rate of force development (ES = 

0.20 – 0.59) across 72h post-match (Nunes et al., 2019). Although speculative, the discrepancy in 

responsiveness of CMJ peak power may be due to the reduced intensity of the friendly match compared 

to professional competitive matches. The inclusion of additional measures in the study by Nunes and 

colleagues (2019) may support increased sensitivity of measures other than peak power. As an aim of 

the study, authors also noted a beneficial effect of cold-water immersion on CMJ recovery (Nunes et al., 

2019).  

 

In summary, there is ample evidence for the response of CMJ measures to specific rugby union training 

and match loads. It appears that measures of jump height and mean power are responsive (Johnston et 

al., 2016; Johnston et al., 2017; Nunes et al., 2019; Roe et al., 2017) and peak power is likely responsive 

(Johnston et al., 2016; Johnston et al., 2017; Shearer et al., 2015; West et al., 2014) although some 

conflicting evidence may exist (Nunes et al., 2019). Mean force should be avoided based on evidence for 

trivial response (Roe et al., 2017). Further, recovery of CMJ performance may show a bimodal trend with 

typical output measures (jump height and power) recovering by 48 h whilst impairment of alternative 

measures representing CMJ mechanics (rate of force development, eccentric duration, total duration 

and force at 0 velocity) may persist beyond 48 h (Johnston et al., 2016; Johnston et al., 2017; Kennedy & 

Drake, 2017). Practitioners should consider including typical output measures as well as time-dependent 

variables that represent movement strategy when implementing CMJ tests to monitor NMF in rugby 

union. 
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Accumulated Loads 

Investigations into the response of CMJ tests to accumulated loads are as prevalent as evidence for 

response to acute loads. Studies report weekly measures of CMJ performance across intensified pre-

season training blocks as well as in-season competitive periods (Dubois et al., 2018; Gathercole et al., 

2015; Hills & Rogerson, 2018; Lacome et al., 2018; Roe et al., 2016). This evidence provides valuable 

insight into the application of CMJ tests for regular monitoring of NMF in rugby union; however, 

considerations exist for the competitive level, measures utilised, and moderating factors of fatigue and 

neuromuscular performance.  

 

Investigations monitoring CMJ responses across intensified pre-season training blocks indicate evidence 

for NMF in response to accumulated loads. For example, Gathercole et al., (2015) reported very large 

impairments of CMJ flight time (ES = 1.84) alongside alternative CMJ measures of displacement (ES = 

2.24), time to peak force (ES = 2.58) and force at 0 velocity (ES = 1.28), suggesting altered movement 

strategy in response to fatigue from a 6-week intensified training block. Likewise, Roe et al. (2016) 

reported CMJ measures of peak power and mean power demonstrated the greatest impairment in the 

final three weeks of a 6-week pre-season training block. A similar study also by Roe et al. (2016) tracked 

CMJ measures across an 11-week pre-season in young professional rugby union players as well as 

changes in strength (3RM Squat) and speed (40m max velocity). However, results in this study specify 

improvements in strength and speed despite CMJ impairment (mean power and flight time) indicative of 

the presence of NMF, potentially questioning the validity of the relationship between CMJ measures of 

fatigue and on-field performance (Roe et al., 2016). 
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The responsiveness of CMJ measures to in-season accumulated loads is less clear than the previously 

mentioned pre-season response. Several studies report minimal impairment of CMJ jump height across 

a professional season and a 19-day U20 international tournament (Dubois et al., 2018; Lacome et al., 

2018) whilst others report moderate impairment (ES = 0.5 – 0.6) of CMJ peak velocity across weeks 5-12 

of a 12-week professional in-season period (Hills & Rogerson, 2018). The lack of response in these 

studies may be due to the athlete’s ability to maintain output (especially jump height) by using altered 

movement patterns despite the presence of NMF (Gathercole et al., 2015). Alternatively, these studies 

represent professional and U20 international caliber populations participating in competitions where 

regular performance is vital. As such, practitioners are attempting to optimise load and recovery for 

sustained performance and the lack of reported impairment may reflect the successful execution of this 

aim (Dubois et al., 2018; Lacome et al., 2018). As mentioned previously, the lack of impairment does not 

invalidate the approach of monitoring NMF in-season using CMJ tests. However, it does highlight the 

importance of identifying the most sensitive and responsive measures capable of detecting individual 

changes in NMF status from week to week (Starling & Lambert, 2018). 

 

In summary, there is some evidence for a mixed response of CMJ measures to accumulated rugby union 

loads. However, the consensus is that CMJ is responsive to accumulated loads during deliberate periods 

of intensified training and competition (Gathercole et al., 2015; Hills & Rogerson, 2018; Oliver et al., 

2015; Roe et al., 2016). Measures of peak power, mean power, and peak velocity as well as alternative 

measures describing CMJ mechanics may be most suitable (Gathercole et al., 2015; Hills & Rogerson, 

2018; Roe et al., 2016). Jump height should be used with caution due to mixed reports of responsiveness 

and evidence for athletes’ ability to maintain output using alternative movement patterns despite the 

presence of NMF (Dubois et al., 2018; Gathercole et al., 2015; Lacome et al., 2018; Oliver et al., 2015). 

Lastly, CMJ impairment in response to accumulated loads may be modified through specific recovery 
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interventions and appropriate load planning (Black et al., 2018; Lacome et al., 2018; Tavares et al., 

2019), further confirming the importance of monitoring tools that are sensitive to individual change 

(Starling & Lambert, 2018). 

 

Countermovement Jump Limitations 

 

Whilst CMJ is widely used for identification of NMF, the practical effectiveness must be reviewed in 

relation to the ideal qualities of fatigue monitoring tools proposed by Starling and Lambert (2018). 

Monitoring tools require evidence of reliability, validity and sensitivity to change to ensure their 

appropriateness for implementation. Evidence from the previous sections support CMJ tests in this 

regard, however a limitation is the variety of evidence for different CMJ variables and protocols within 

the literature. Testing protocols range from one to six jumps, and a variety of variables suggest varying 

levels of sensitivity (Cormack et al., 2008; Gathercole et al., 2015; Roe et al., 2015). This complexity may 

leave practitioners without clarity on the best methods for testing, processing, and analysing CMJ 

performance. Another requirement is that monitoring tools must be non-invasive, non-fatiguing and 

non-aversive to players. Whilst there is certainly plenty of evidence for their practical application, some 

authors have suggested that a limitation of CMJ tests is the motivation and maximal output required for 

performance (Austruy, 2016; Carling et al., 2018; Wehbe et al., 2015). Some have also commented that 

CMJ  tests may be too physically demanding for athletes who are suffering from post-match physical 

limitations as is often the case in high intensity collision sports like rugby union (Clarke et al., 2015). In 

the context of regular fatigue monitoring at the beginning of a weekly micro-cycle after a match, tests 

that are too demanding may compromise the consistency of data collection and limit the effectiveness 

of tests for guiding the planning of training. Further, such assessment of maximal output may not 

capture relevant information pertaining to fundamental proprioception and postural control that are 
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important considerations for performance and injury risk when returning to training post-match 

(Austruy, 2016).  

 

In conclusion, whilst CMJ tests are commonly employed, some have challenged the physical demand, 

motivation and maximal effort that may limit their application in the post-match recovery window in 

collision sports (Austruy, 2016; Carling et al., 2018; Clarke et al., 2015). Within this context, alternative 

measures of postural control have been proposed based on the influence of fatigue on proprioception 

and neuromuscular control (Paillard, 2012). Balance and landing tests may provide an alternative to CMJ 

tests that are less physically demanding and provides unique information into elements of stability and 

motor control that may be relevant for safely resuming training in the post-match recovery window 

(Clarke et al., 2015). Subsequent sections of this review will investigate the evidence for various postural 

control testing methods as well as the reliability and fatigue response of relevant measures. 

 

2.5 The Role of Postural Control for Monitoring Neuromuscular Fatigue 
 

Postural control is defined as the ability to control the centre of mass within the base of support, and 

incorporates synergistic performance of the neuromuscular and sensorimotor systems (Paillard, 2012). 

More specifically, the sensorimotor system includes the afferent, efferent and central integration and 

processing components involved in maintaining functional joint stability (Munn, Sullivan, & Schneiders, 

2010). Postural control is the result of integrated inputs that interact with the mechanical and nervous 

systems in a continuously changing environment (Sibley, Beauchamp, Van Ooteghem, Straus, & Jaglal, 

2015). These elements are impaired due to changes in sensory information, central processing, and 

motor command under fatigued conditions, the specific mechanisms of which will be discussed within 

this review (Paillard, 2012). Furthermore, general and local fatigue affect the mechanisms responsible 
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for postural control resulting in potentially increased injury risk and reduced physical performance 

(Paillard, 2012). Hence, monitoring postural control and its relationship to NMF may be valuable for 

managing athlete loading and recovery with the goal of ensuring readiness to perform throughout 

competitive periods. Prior to their use for monitoring NMF in rugby union, the reliability and 

responsiveness to acute and accumulated training and match loads must be determined. Whilst there is 

no specific evidence, general literature regarding the reliability and response to load across a variety of 

populations may help to guide best practices for developing an appropriate testing protocol for the 

context of regular fatigue monitoring in rugby union. 

 

Postural control can be divided into static and dynamic conditions in which the central nervous system 

engages different strategies to generate the necessary muscle synergy to maintain equilibrium (Ruhe et 

al., 2010). Whilst both static and dynamic postural control are related to injury, performance and 

fatigue, they each represent a unique challenge to the postural control system, and assessment of each 

should be performed independently (Hrysomallis, McLaughlin, & Goodman, 2006; Zemkova & Hamar, 

2010). Static postural control is commonly assessed using force platforms that collect GRF data from 

load cells in each corner of the platform (Duarte & Freitas, 2010). These data are used to measure 

centre of pressure (CoP) displacement on the ground, which then represents changes in the centre of 

gravity through the inverted pendulum model (Winter, Patla, Prince, Ishac, & Gielo-Perczak, 1998). 

Dynamic postural control is often assessed using unstable surfaces or dynamic movements on a force 

platform. These dynamic movements can include landing from a height (jump or box) (Colby et al., 1999) 

or target tracking with the CoP on a visual display (Zemkova, 2011). Additional dynamic testing devices 

have been developed based on instrumented wobble boards and moveable platforms that measure 

deviations from horizontal (Hrysomallis, 2011). Such dynamic platforms are primarily used in clinical 

settings with elderly populations and may not be sensitive enough for use with athletes (Zemkova, 
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2011). Regardless, both static and dynamic postural control are important elements of athletic 

performance and may provide unique insight into NMF based on the response of sensory and muscular 

systems to the various types, intensities, and volumes of load (Zemkova, 2011). The scope of the 

remaining parts of this literature review will be limited to static balance and dynamic landing tests 

performed on a force platform, as these represent objective postural control tests appropriate for 

athletes on the most practical and readily available technology. Subsequent sections will investigate the 

testing methods, measures, reliability, and response to fatigue of balance and landing tests on a force 

plate. 

 

2.5.1 Postural Control Methodology Considerations 

Numerous balance and landing testing methods have been introduced within the literature for the 

assessment of postural control. The factors that distinguish these various methods are often specific to 

the aims of the research and the population being investigated ranging from understanding fall risk in 

elderly and ill populations to determining the impact of injury history on postural control (da Silva, 

Bilodeau, Parreira, Teixeira, & Amorim, 2013; Wikstrom, Tillman, & Borsa, 2005). The following section 

will review the many approaches to balance and landing testing with the aim of understanding the 

methods that may be most appropriate for measuring postural control response to fatigue in elite 

athletes. 

 

Static Balance Testing Methods 

 

Several key considerations exist in the selection of appropriate static balance testing methodologies. 

The first consideration in balance testing is the selection of appropriate levels of support and sensory 

information required when attempting to distinguish between age, injury or fatigue status (da Silva et 
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al., 2013; Steib et al., 2013a). Maintenance of balance is dependent on keeping the center of gravity 

within the base of support (BoS), and the BoS is modified through increasingly smaller foot stance 

positions (Fox et al., 2008). Progressively smaller BoS based on foot position include 1) double-leg – 

wide, 2) double-leg – narrow, 3) double-leg – tandem and 4) single-leg stances. Whilst double-leg stance 

has been studied extensively in aging populations regarding falling risk, tandem and single-leg stances 

present a more challenging and appropriate task for young healthy populations and athletes (Panjan & 

Sarabon, 2012). The second consideration in assessment of balance is the selection of surface 

conditions. Force platforms provide a hard surface when investigating postural control and soft foam 

pads are used to decrease stability, decrease sensory feedback from the cutaneous receptors in the feet, 

and further challenge motor control strategies in the maintenance of balance (Fox et al., 2008). Soft or 

foam surfaces provide an increased challenge over hard surfaces which may be necessary to investigate 

specific mechanisms of balance based on the aims of particular research studies (Baltich et al., 2014). 

The third and final consideration in balance testing protocols is visual condition. The use of eyes open 

protocols allow for visual sensory information in the maintenance of upright posture and should be 

standardised using a visual target, often an ‘X’ on the wall placed at approximate eye level between 1-2 

m from the participant (Hertel, Olmsted-Kramer, & Challis, 2006). Meanwhile, the use of eyes closed 

conditions restricts visual sensory information and presents a significantly greater challenge to the 

postural control system (Birmingham, 2000).  

 

Selection of balance testing protocols should be related to the aims of research as well as practical 

considerations regarding data collection. Investigation of the influence of surface and visual conditions 

in single-leg stance suggests that the removal of visual information imposes a greater challenge than the 

introduction of a foam surface, and that both eyes closed and unstable conditions prove too difficult for 

adequate data to be collected due to the frequency of failed trials (Baltich et al., 2014). Similarly, when 
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assessing athletes, Ross et al. (2009) reported that double-leg stances did not provide enough challenge 

to differentiate between healthy and injured athlete groups. Furthermore, the use of foam surfaces with 

athletes has been criticised due to the lack of validity for athletes who perform on hard surfaces 

(Zemkova, 2011). It can be concluded, that tandem stance or single-leg protocols with eyes open or eyes 

closed may provide a practical and appropriately challenging assessment approach when working with 

healthy athletes. 

 

Balance Measures 

As shown in Table 2.4, there are a multitude of measures that can be derived from the CoP data 

produced by static balance tests performed on a force platform. These measures can be further 

classified as global measures of overall stability or performance, and structural measures related to 

balance strategy (Paillard & Noe, 2015). Historically, global measures are the most common within the 

literature and describe the magnitude of the total or directional (anterior-posterior (AP) or medio-lateral 

(ML) vectors) components of the CoP trace in both time and frequency domains (Paillard & Noe, 2015). 

Further mathematical models have used transformed time-series data to better describe the dynamic 

nature of the CoP using diffusion curves, density curves, and by investigating instantaneous changes in 

the CoP direction (Lin, Seol, Nussbaum, & Madigan, 2008). These non-linear methods use chaos theory 

to characterise the stochastic nature of CoP during static balance tasks and may provide more sensitivity 

and insight into individual postural control strategies (Panjan & Sarabon, 2012).  
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Table 2.4 – Definition of common force plate measures used to describe fluctuations in the centre of 

pressure and related balance performance outcomes. 

Measure Definition 

Path Length 

 
The length of the trajectory of the CoP across the trial - can be described in total 
or directional (AP / ML) terms 
  

Sway Velocity 
The length of the trajectory of the CoP divided by the measurement time - can be 
described in total or directional (AP / ML) terms. Reflects the efficiency of the 
postural control system and plays a role in feedforward mechanisms 

Ellipse Area 

 
Prediction ellipse (90 or 95% CI) that reflects the area covered by the CoP – 
describes total CoP path 
  

Amplitude 
Standard deviation (SD) or root mean square (RMS) of the displacement of the 
CoP - measures the average absolute displacement around the mean CoP 

Entropy 
 
Measure of regularity or probability that a sequence will repeat itself 
  

CoP = centre of pressure; AP = anterior-posterior; ML = medio-lateral; CI = confidence interval 
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In summary, a wide variety of global and structural variables have been used to quantify postural control 

during static balance tests. The value of each variable must be interpreted regarding its reliability, 

sensitivity, and validity, particularly for assessing NMF in professional rugby union players. In an applied 

sport setting, it is important to use measures that can be understood by coaches and athletes when 

possible and provide practical information related to the purpose of assessing postural control in the 

first place (performance, injury risk, fatigue) (Clarke et al., 2015). Lastly, measures must be able to be 

processed simply and efficiently so that decisions can be made quickly (Starling & Lambert, 2018). Whilst 

evidence for the reliability and responsiveness to fatigue will be investigated fully in subsequent 

sections, global measures of sway velocity may possess the advantages of describing overall balance 

performance yet retaining efficiency of measurement and simplicity for coaches and athletes to 

understand. 

 

Dynamic Landing Testing Methods 

 

Single-leg landings on a force plate may provide insight into the impact of NMF on dynamic postural 

control, however reliable and valid testing methods must first be established. Several variables that 

differentiate testing methods within the literature include type of landing and number of trials, whilst 

the available measures used to describe landing performance can be categorised into force-based 

measures and stability-based measures (Colby et al., 1999; Wikstrom et al., 2005). Further, important 

considerations that may affect the reliability and validity of landing stability measures include signal 

processing method, stability threshold, and stable state definition (Fransz, Huurnink, de Boode, Kingma, 

& van Dieen, 2016). The following section of the review will investigate these elements with the aim of 

providing insight into the best methods for application to regular fatigue monitoring in rugby union. 
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When examining the testing methods for landing assessment the first consideration is the type, height, 

distance, and direction of the landing. Type of landings include jump and drop protocols, both of which 

can be evaluated based on their ability to standardise landing force. As such, the two most common 

methods are jumping to a touch height representing 50% of maximal vertical jump height (Wikstrom et 

al., 2004) or dropping from a box (often 30-50 cm) (Brazen et al., 2010; Kellis & Kouvelioti, 2009). Others 

have performed the drop hanging from a trapeze in order to avoid variability due to a step down that 

may occur from a box (Coventry, O'Connor, Hart, Earl, & Ebersole, 2006; Kernozek, Torry, & Iwasaki, 

2008). Standardised jump distances are also common with starting points of 50-100cm from the force 

plate or 100-150% of individual leg length (Orishimo & Kremenic, 2006; Steib et al., 2013a; Thomas, 

McLean, & Palmieri-Smith, 2010). Overall, there is evidence for a variety of jump and landing protocols 

that attempt to standardise jump height and landing force as much as possible with key considerations 

being distance from the platform or drop height from a box or trapeze. A further consideration in single-

leg landing protocols is the number of trials and amount of time that a stable position must be held 

upon landing. Across a range of studies examining single-leg landing reliability and fatigue response, 3-

10 trials are used with hold times ranging from 3-20 seconds. The mean of three trials is the most 

commonly used method and the average hold time across studies is 5 seconds. Whilst the reliability of 

specific measures will be discussed in subsequent sections, finding the balance between enough trials to 

ensure adequate reliability whilst keeping the testing protocol as time efficient as possible are key 

considerations in an applied sport setting, particularly in the context of regular NMF monitoring 

(Akenhead & Nassis, 2016). 

 

Landing Measures 

Single-leg landing measures can be divided based on their relation to the magnitude of force on landing 

or the stabilization of forces after landing, and are commonly separated into AP, ML and vertical force 
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vectors. Defined in Table 2.5, measures of landing force include peak force (PF) (vertical, AP, and ML), 

time to PF, loading rate, and impulse (IMP). Together, these measures may provide a picture of the 

magnitude of impact, stiffness, and the strategy employed for the dissipation of landing forces (Coventry 

et al., 2006; Madigan & Pidcoe, 2003; Wikstrom et al., 2005). Measures of stability include time to 

stabilization (TTS) and dynamic postural stability index (DPSI) (Table 2.5) (Wikstrom et al., 2005). These 

measures describe the time required for the ground reaction forces in the vertical, AP, and ML 

directions to equalise within a baseline threshold of stability, with lower stability measures indicating 

superior dynamic postural control. Whilst TTS is a common outcome measure for kinetic assessment of 

landing stability, special consideration must be made for signal processing method, stability threshold, 

and stable state definition (Fransz et al., 2016) as these may have a large impact on results. 

Alternatively, DPSI uses a stable state threshold based on a baseline established prior to a dynamic test 

rather than from a time series within the test (i.e. 10 seconds following initial ground contact). The DPSI 

is also a composite of stability indices from all three planes whilst TTS assesses V, ML, and AP vectors 

separately, thus potentially adding complexity to the interpretation of results. Whilst TTS is the most 

commonly reported measures in the literature, DPSI represents dynamic postural control based on 

kinematics, muscular activation, and eccentric control (Wikstrom et al., 2004), with potential advantages 

of improved reliability and the ability to distinguish between participants with chronic ankle instability 

and healthy controls (Wikstrom et al., 2005). 
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Table 2.5 – Definition of common force plate measures used to describe ground reaction force and 

related landing performance outcomes. 

Measure Definition 

Peak force 
 
The highest GRF value during the landing phase (N) 
  

Time to peak force The time from the first GRF value to the peak GRF value in the landing phase (s) 

Loading rate The initial slope of the GRF curve and a function of peak GRF / loading rate (N·s¯¹) 

Impulse 
 
The area under the GRF curve (N·s) 
  

Time to stabilization 

 
The time required to minimise GRF of a jump landing within a range of the static 
baseline GRF 
  

Dynamic postural 
stability index 

 
Combined index that describing landing stability in all vectors with one number 
using mean square deviations of the fluctuation around a 0 point 
  

GRF = ground reaction force 
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As mentioned previously, signal processing and stability threshold greatly impact TTS results. Signal 

processing refers to the approach that is used to smooth the GRF signal prior to determining when a 

stable state has been achieved. The four main methods include simply using the raw GRF signal (Colby et 

al., 1999), taking a sequential average (SA) (Colby et al., 1999), applying an unbounded third order 

polynomial (TOP) (Ross & Guskiewicz, 2004), and using a moving root mean square (RMS) window 

(Tulloch, Phillips, Sole, Carman, & Abbott, 2012). Whilst these various methods are common across the 

literature, a study by Fransz et al. (2015) compared the effect of processing methods on TTS results in 

elite youth soccer players. Results from this study suggest that raw and RMS methods lack adequate 

reliability and the TOP method does not closely reflect GRF, leaving the SA method as the most 

promising form of signal processing. Stability threshold is the next consideration when evaluating TTS 

methods and refers to the definition of when a stable state is determined. Stable state threshold is most 

commonly defined as the point at which the signal meets the threshold (Colby et al., 1999; Ebben, 

Vanderzanden, Wurm, & Petushek, 2010; Flanagan, Ebben, & Jensen, 2008; Wikstrom et al., 2005) or 

alternatively when the signal stays below the threshold for a predetermined period of time (Ross & 

Guskiewicz, 2004; Tulloch et al., 2012). The initial meeting threshold is used with raw signals in the 

vertical direction, whilst staying below threshold applies to RMS, SA, and TOP methods in the AP and ML 

directions (Fransz et al., 2015). Further, the threshold is often defined as 5% of body weight for raw 

signals in the vertical vector, whilst an overall series mean of ± .25 SD has been used in the SA method 

and a range of variation ± 3 SD has been used across a 1-10s time window in the TOP and RMS methods 

(Fransz et al., 2016). Whilst seemingly complex, an understanding of the influence of processing 

methods and stable state thresholds is important for interpreting the results of studies reporting 

reliability and responsiveness to load of TTS measures. 
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In summary, processing method and stability threshold and all impact TTS measures and should be 

recognised when evaluating the results of single-leg landing studies (Fransz et al., 2015; Wikstrom et al., 

2005). Across the literature there is a lack of consensus on methods for measuring TTS and caution 

should be taken when comparing the results of studies that use different methods. Whilst raw signals 

and a 5% body weight threshold are the most common method for determining TTS in the vertical 

direction, the SA method across a 7-12 second stable phase may provide the most reliable results 

(Fransz et al., 2015). However, shorter time periods more closely represent the demands of sport 

(Wikstrom et al., 2005). Whilst stability index measures are less common in the literature, they may 

provide a more valid and reliable alternative to TTS at least in regard to distinguishing between healthy 

and injured populations (Wikstrom et al., 2005). Further, whilst TTS is the most common outcome 

measure of single-leg landing studies, force-based measures may also be valuable for investigating the 

absorption of force and shock attenuation that may be affected by NMF (Coventry et al., 2006; Madigan 

& Pidcoe, 2003). Existing evidence for single-leg landing measures is scattered across testing methods 

and populations, and specific reliability and responsiveness to load must be determined in professional 

rugby union players prior to the application of such test for regular NMF monitoring. 

 

2.5.2 Reliability of Postural Control Measures 

The following section will evaluate the available research related to the reliability and sensitivity of 

balance testing protocols and possible measures. Important elements of reliability and sensitivity 

include the technical error and performance variability (Bialocerkowski & Bragge, 2008). Technical error 

refers to elements of the testing method that allow error and decrease reliability (Hopkins, Marshall, 

Batterham, & Hanin, 2009). In the case of postural control testing, these elements can be accounted for 

by standardizing environmental conditions and hardware conditions which include calibration, sampling 
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frequency and the application of cutoff filters (Ruhe et al., 2010). Performance variability includes the 

natural differences in individual performance from one trial or test to another (Atkinson & Nevill, 1998).  

These can be accounted for by standardizing warm-up and testing procedures as well as manipulating 

trial length and averaging results across multiple trials (Hopkins et al., 2009). The results from numerous 

studies can provide insight into best approaches for standardizing testing protocols and selecting 

measures to maximise reliability and sensitivity. However, reliability and sensitivity are unique to the 

testing environment and population (Hopkins et al., 2009), and whilst this review will assess the current 

literature, there is no current evidence for the reliability of postural control tests in rugby union players 

that can be used to inform their efficacy for regular fatigue monitoring. 

 

Reliability of Balance Measures 

“Quiet standing” or double-leg stance balance protocols are more common and have been studied 

extensively in elderly populations and those with neurological and vestibular disorders. As such, there is 

extensive research on the reliability of these types of protocols. For example, Ruhe et al. (2010) 

performed a thorough review of the reliability of CoP measures in bipedal stance. Whilst the details of 

double-leg stance may not apply to athletic population and are beyond the scope of this review, some 

insight can be gained from understanding the factors affecting variability in balance testing protocols. 

The authors concluded that whilst direct comparisons are difficult within the literature, a sampling 

frequency of 100Hz, cutoff frequency of 10Hz, and trial length of 90s appear to provide the most reliable 

results (Ruhe et al., 2010). Furthermore, reliability may be improved under eyes closed conditions and 

by averaging 3-5 trials on a firm surface. Whilst most CoP measures demonstrate acceptable reliability 

when 3-5 90s trials are used, SV is the most reliable and may allow for fewer trials of shorter duration. 
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The collection of above circumstances results in reported ICCs ranging from 0.51 – 0.96 and CVs from 9.5 

– 14% (Ruhe et al., 2010). 

 

Single-leg stance has also been studied extensively, primarily in healthy and athletic populations. A 

summary of the reliability of single-leg stance protocols can be found in Table 2.6 Because of the 

increased challenge of single-leg protocols, trial length is generally shorter in order to limit repeated 

trials due to protocol failure or the onset of fatigue which can cloud the interpretation of postural 

control results (Pau et al., 2014). Some authors have suggested the inclusion of touch-downs of the 

opposite foot to eliminate repeated trials and incorporate relevant losses of stability into data collection 

(Goldie, Bach, & Evans, 1989). When evaluating relevant studies (Table 2.6, 3 trials are used in 70% of 

studies, with a mean trial length of 23s (range = 5 – 70s). Mean total time used for calculation of CoP 

measures is 66s (range = 30 – 120s). Whilst comparisons are difficult, 80% of studies with ICC results 

below r=0.75 used testing protocols with trial lengths of 12s or less, thus suggesting that increased trial 

length may improve reliability of single-leg balance measures. 
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Table 2.6 – Summary of reliability results for single-leg balance studies. 

Study Methods Measures ICC CV 

(Baltich et al., 
2014) 

SL - ND/D 
3-5 x 45-70s 
EO/EC 
Hard / Foam 

Path Length 
95% Ellipse 

Entropy 1/2 Life 

0.90 - 0.93 
0.84 - 0.88 
0.83 - 0.91 

5.0 - 6.2% 
10.8 - 13.9% 

4.1 - 9.2% 

(Yamanaka et al., 
2012) 

SL - D 
3 x 10s 
EO 
Hard 

AP-SV 
ML-SV 

0.58 
0.64 

 

(Hertel et al., 
2006) 

SL - ND/D 
3 x 10s 
EO 
Hard 

AP-SV 
ML-SV 

0.73 - 0.79 
0.65 - 0.72   

(Ageberg et al., 
2003) 

SL - ND/D 
3 x 25s 
EO 
Hard 

AP-SV 
ML-SV 

AP-AmpSD 
ML-AmpSD 

0.95 
0.94 
0.79 
0.47 

 

(Kouvelioti et al., 
2015) 

SL - ND/D 
3 x 30s 
EO 
Hard 

Path Length 
SV 

95% Ellipse 

0.75 - 0.76 
0.75 - 0.76 
0.83 - 0.91 

  

(Birmingham et 
al., 2000) 

SL-D 
3 x 10s 
EO/EC 
Hard / Foam 

Path Length 0.75 - 0.89  

(da Silva et al., 
2013) 

SL-D 
3 x 30s 
EO 
Hard 

AP-SV 
ML-SV 

95% Ellipse 
AP-AmpRMS 
ML-AmpRMS 

0.72 - 0.85 
0.75 - 0.82 
0.60 - 0.83 
0.51 - 0.55 
0.40 - 0.60 

14 - 22% 
10 - 17% 
20 - 41% 
16 - 35% 
14 - 33% 

(Fransz et al., 
2014) 

SL - D 
5 x 15s 
EO 
Hard 

Path Length 
SV 

0.85 
0.90 

10% 
11% 

ICC = intraclass correlation coefficient; CV = coefficient of variation; SL = single-leg; ND = non-dominant 
leg; D = dominant leg; EO = eyes open visual condition; EC = eyes closed visual condition; AP = anterior-
posterior; ML = medio-lateral; SV = mean sway velocity; AmpSD = standard deviation of the amplitude; 
AmpRMS = root mean square of the amplitude 
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A variety of measures are presented within the single-leg stance reliability literature and should each be 

interpreted in light of the testing protocol in which they were collected. However, when comparing 

general CoP measures within studies, excursion measures (path length, SV) demonstrate better 

reliability than area measures (90-95% CI Ellipse area) and amplitude measures (SD CoP, RMS CoP) 

(Yamanaka et al., 2012). Whilst these different measures may be useful for describing different elements 

of postural control, SV may be a more reliable measure of overall balance when comparing general CoP 

measures. Only one study has investigated the reliability of non-linear measures in single-leg stance. 

Baltich et al. (2014) demonstrate that the entropic ½ life variable has good reliability (ICC = 0.83 – 0.91) 

in line with traditional variables of path length and area (ICC = .84 - .93), but slightly better sensitivity 

(CV = 4.1 – 9.2%) than traditional variables (CV = 5.0 – 13.9%). A unique study by Yamanaka et al. (2012) 

used the Spearman-Brown prophecy formula to estimate the number of trials necessary to reach 

acceptable (ICC > 0.75) reliability. Their results indicate that 2-3 x 10s trials are needed for mean velocity 

and RMS area measures, but 5 – 14 may be needed for amplitude (SD CoP) and range variables. 

 

Other factors that could potentially affect reliability are sampling frequency, surface condition, visual 

condition, and stance leg dominance. It is once again difficult to make inferences about the impact of 

sampling frequency on reliability due to the variety of methods in the literature, however 63% of studies 

reporting multiple variables with ICC below 0.75 used sampling frequencies below 100Hz (Table 2.7). In 

conjunction with double-leg recommendations outlined by Ruhe et al. (2010), a sampling frequency of 

100Hz or more can be advised. Two studies observed the interaction of single-leg stance on hard or 

foam surfaces with eyes open or eyes closed (Baltich et al., 2014; Birmingham et al., 2000). All 

conditions demonstrated ICC > 0.75, and results indicate that the EC-Hard condition was more 

challenging than EO-Hard and EO-Soft; though the authors noted that the EC-Soft condition proved too 

difficult for adequate data collection, i.e. too many failed trials (Baltich et al., 2014). Lastly, most authors 
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report that there is no significant difference for single-leg balance performance between respective legs 

(Goldie et al., 1989); however, Kouvelioti et al. (2015) reported that the left leg was significantly more 

reliable than the right leg in a group of young healthy participants. Unfortunately, the authors did not 

make a distinction between dominant or non-dominant limb to inform translation of such findings into a 

sports performance context. As such, the reliability of dominant and non-dominant legs should be 

further investigated prior to application of balance measures, especially in sports like rugby union that 

frequently utilise a dominant kicking leg. 

 

In summary, based on the results of single-leg and double-leg stance reliability studies, several 

conclusions can be made regarding the ideal single-leg balance testing methods.  

• Protocols should be performed on a force platform sampling at 100Hz or greater, with cutoff 

filter of 10Hz potentially having an effect. 

• EO-hard, EO-soft, and EC-hard conditions all demonstrate ICC > 0.75, the use of EC-soft should 

be avoided due to frequent discarded trials and EC-hard may represent the greatest reasonable 

challenge for elite athletes. 

• 2-3 trials of 20s or more may provide acceptable reliability for general CoP measures, with path 

length and mean velocity demonstrating better reliability than amplitude and area variables.  

 

Reliability of Landing Measures 

When evaluating reliability of single-leg landing results, consideration must be made for testing method 

including jump or drop protocol, limb dominance, and number of trials. Consideration must also be 

made for the processing methods, trial length, and vectors for TTS and stability indices. The challenge to 
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practitioners is to determine the ideal combination of these factors that will optimise reliability and 

produce valid results whilst maintaining a time-efficient and practical testing method. Whilst there is no 

evidence for the reliability of single-leg landing test in rugby union players that can be used to guide 

NMF monitoring protocols, the subsequent section will review results from relevant single-leg landing 

reliability studies and discuss the implications of the previously stated elements of the testing method 

that may affect reliability. 

 

This first element of single-leg testing methods to consider is the impact of landings preceded by a jump 

compared to landings preceded by dropping from a box. Whilst both methods demonstrate evidence for 

acceptable reliability (Table 2.7, the best insight may be gained from a study by Colby and colleagues 

(1999) that compared the reliability of single-leg landing TTS from both a hop (100% of leg length over a 

7.5 cm hurdle) and drop landing (19 cm box) with 25 healthy male and female participants. In evaluating 

differences between the hop and drop landing protocols, average ICC values for GRF based TTS 

measures in the hop protocol were 0.93 compared to 0.81 dropping from a box. Further, 90% of 

variables from the hop protocol met this studies’ reliability standard for further investigation (ICC = 0.80) 

compared to 57% for the drop landing (Colby et al., 1999). Whilst these results may be limited to the 

specific population and methods of this study, protocols that include a jump prior to single-leg landing 

may be more reliable than protocols that include stepping off a standard height box. 
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Table 2.7 – Summary of reliability results for single-leg landing measures 

Study Methods Measures ICC CV 

(Colby et al., 
1999) 

SL landing - jump over a 
7.5 cm hurdle 
 
SL landing – drop from 
19cm box 
 
ND/D 

AP-TTS (SA) 
ML-TTS (SA) 
V-TTS (SA) 

V-TTS (5%raw) 

0.93 - 0.96 
0.87 - 0.88 
0.90 - 0.97 
0.77 - 0.89 

  

(DiStefano et al., 
2010) 

SL landing - drop from 
30cm box 

AP-TTS (TOP) 
ML-TTS (TOP) 

0.37 
0.78 

16.6% 
5.7% 

(Ebben et al., 
2010) SL landing - jump V-TTS (5%raw) 0.53 - 0.62   

(Fransz et al., 
2016) 

SL landing - drop from 
20cm box 

V, AP, ML-TTS (5%raw) 
V, AP, ML-TTS (RMS) 
V, AP, ML-TTS (TOP) 
V, AP, ML-TTS (SA) 

< 0.40 
< 0.40 

0.6 - 0.8 
0.6 - 0.8 

 

(Sell, 2012) SL landing - jump over 12 
in hurdle DPSI 0.86 - 0.92 2.8 - 3.2% 

(Tulloch et al., 
2012) 

SL landing - jump from 
70cm to 50% of VJ height 
 
ND/D 

AP-TTS (RMS) 
ML-TTS (RMS) 

0.43 
0.51 

 

(Wikstrom, 
Tillman, Smith, et 
al., 2005) 

SL landing - jump from 
70cm to 50% of VJ height 
 
ND/D 

V-TTS (5%raw) 
AP-TTS (SA) 
ML-TTS (SA) 

DPSI 

0.78 
0.80 
0.66 
0.96 

17.6% 
3.2% 

18.5% 
3.7% 

ICC = intraclass correlation coefficient; CV = coefficient of variation; SL = single-leg; ND = non-dominant 
leg; D = dominant leg; VJ = vertical jump;  AP = anterior-posterior; ML = medio-lateral; V = vertical; TTS = 
time to stabilization; SA = sequential average processing method; TOP = third order polynomial 
processing method; RMS = root mean square processing method; DPSI = dynamic postural stability index 
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Further, the number of trials used in a single-leg landing protocol is an important consideration as it may 

affect reliability and impact the practicality of implementing testing in an applied sport setting (Starling 

& Lambert, 2018). Another consideration is the determination of failed trials, often determined by a loss 

of balance or excessive sway of the arms or legs (Wikstrom, Tillman, Schenker, & Borsa, 2008). The goal 

of practitioners is to ensure reliable results are obtained in a time-efficient manner and with as little 

fatigue and physical cost to the athlete as possible (Starling & Lambert, 2018). In this pursuit, studies 

frequently use 2-7 single-leg landing trials (Tulloch et al., 2012; Colby et al., 1999) with the mean of trials 

used for analysis. However, an interesting study by Wikstrom and colleagues (2008) investigated the 

difference between successful and failed single-leg landing trials in which participants were required to 

repeat the protocol until 3 successful and 3 failed trials were achieved whilst EMG data were collected 

on each trial (force plate data were unavailable for failed trials due to the lack of successful completion 

of the trial). Results indicate that successful landings are characterised by earlier muscle activation and 

higher amplitudes of preparatory and reactive EMG amplitude (Wikstrom et al., 2008). As such, use of 

only successful trials may be a limitation of dynamic postural control testing on a force plate and it may 

be important to consider the number of failed trials for each participant within a testing protocol as this 

could be an indicator of dynamic postural control deficiency. Regardless, reliability is improved with 

more trials and whilst a minimum of three trials may be required there may be diminishing returns 

beyond 5 trials. 

 

Once the testing methods have been established, the reliability of different landing measures must be 

evaluated regarding force vector, processing method, and trial length. Whilst most studies report the 

reliability of several measures for a specific method, the most value is gained through investigations of 

multiple measures across different vectors and time periods using several processing methods. One 

study by Fransz et al. (2016) compared numerous processing methods, force vectors and stability 
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thresholds for TTS, concluding that SA and TOP methods produce acceptable reliability whilst raw and 

RMS methods do not. They also reported the best reliability in the vertical force vector, followed by AP 

and ML (average ICC 0.7, 0.55, and 0.57, respectively) (Table 2.8). Meanwhile, Wikstrom et al. (2005) 

reported reliability for stability indices in the 3 force vectors along with the composite score of DPSI. 

Results indicated excellent reliability for V and AP stability indices (ICC = 0.90 and 0.97 respectively) and 

DPSI (ICC = 0.96), but poor reliability for ML stability index (ICC = 0.38). Authors also reported a 

significant correlation (r = 0.92; p < 0.01) between 3 sec and 10 sec trial lengths indicating that shorter 

trial lengths still provide adequate results (Wikstrom et al., 2005). Of note, most reliability research on 

single-leg landing kinematic measures has focused on stability and there are limited reports of the 

reliability of impact measures related to peak GRF and impulse. Given the potential importance of 

understanding muscular stiffness and the eccentric absorption of force during single-leg landings as it 

relates to NMF, this is a major area of research that is lacking within the literature. 

 

Many studies test only one limb or pool results from dominant and non-dominant limbs making 

evidence for differences in reliability between D and ND limbs scarce. However, the previously 

mentioned study by Colby et al. (1999) reports reliability for both limbs across hop and drop landing 

methods using raw and SA processing of TTS. The authors concluded that significant differences 

between D and ND reliability for AP and ML TTS of raw GRF on the drop landing protocol excluded their 

use for further testing, though no consistent trend of difference in reliability between D and ND limbs 

was reported (Colby et al., 1999). Alternatively, other authors have demonstrated no difference 

between dominant and non-dominant limbs (Wikstrom et al., 2005; Tulloch et al., 2012). In summary, 

evidence of differences in reliability between D and ND limbs are conflicting and researchers should 

identify the reliability of D and ND measures within the context of their methods prior to proceeding 

with the investigation. 
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The reliability of single-leg landing measures has been thoroughly investigated for stability-based 

measures (TTS and stability index) but is lacking for measures of landing impact and force attenuation 

(peak GRF and impulse). When evaluating the reliability of stability measures, factors of trial length, 

stability threshold, force vector and processing method are all important considerations. Overall, the 

literature suggests that SA processing methods may provide the most reliable TTS measures with 

vertical force vectors demonstrating better reliability than AP and ML (Fransz et al., 2016). Stability 

index measures in the vertical and AP directions also demonstrate excellent reliability however ML 

values are poor. The DPSI may be the best measure of overall stability given the excellent reliability (ICC 

= 0.96) and inclusion of all vectors in one measure (Wikstrom et al., 2005). Not to be discounted is the 

most commonly reported measure of raw TTS in the vertical vector with ICC values ranging from 0.64 – 

0.83 (Colby et al., 1999; Wikstrom et al., 2005; Ebben et al., 2010). Due to a lack of consensus on the 

best methods, it is recommended that reliability of specific single-leg landing methods, measures, and 

populations be established prior to subsequent investigation. 

 

Conclusions on the Reliability of Postural Control Measures 

 

There is ample evidence for the reliability of measures of single-leg balance and single-leg landing 

stability, though insight into the reliability of single-leg landing force measures are lacking. For both 

landing and balance tests there is a great deal of variability surrounding the specific testing protocols 

related to surface type, visual condition and landing method. Further, technical factors of sampling 

frequency and cutoff filters as well as data processing methods for various balance and landing 

measures seem to have a meaningful impact on the reliability and sensitivity of results. Reliable 

methods are the foundation of tests that are sensitive enough to respond to rugby union training and 

match loads and potentially identify NMF in the context of weekly fatigue monitoring. Whilst there is no 
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evidence to directly inform best practices in professional rugby union, the following points may serve as 

a guide for selecting the most reliable balance and landing testing methods. 

• Single-leg Balance 

o Surface and visual conditions should be chosen based on the desired level of difficulty 

for the testing population, however EC-unstable conditions should be avoided 

o 2-3 trials of 20s or more should be averaged, and testing should be performed on a 

force plate sampling 100Hz or more with a 10Hz cutoff filter 

o Sway path length, SV and entropy ½ life may be the most reliable and sensitive 

measures 

• Single-leg Landing 

o Jump protocols may be more reliable than drop protocols and jump distance and height 

should be standardised using a hurdle or overhead target 

o Measures from 3-5 trials should be averaged 

o Vertical TTS using a SA processing method or DPSI may provide the best measures of 

landing stability 

 

2.5.3 Postural Control Responses to Fatigue 

Postural control relies on the integration of peripheral sensory information, processing by the central 

nervous system, and the resulting muscular contraction and fine motor control required to maintain the 

centre of mass inside the BoS (Paillard, 2012). In the context of using postural control for monitoring 

NMF, single-leg balance and landing performance may represent the sum of impairment of the function 

of systems at any point along this pathway in response to load. Whilst the specific details are beyond the 

scope of this review, a summary of the mechanisms that underlie impairment of the postural control 
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system are presented in Table 2.8. Given this context, the following sections of this review will 

investigate the response of postural control tests of single-leg balance and landing to load. Key factors 

to determine are the effect of testing methods and the types, volumes, and intensities of load which 

demonstrate the greatest responsiveness. This understanding will then help to inform the potential 

responsiveness of such tests to acute and accumulated rugby union training and match loads for the 

purpose of regular NMF monitoring.  
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Table 2.8 - Mechanisms of Fatigue Affecting Postural Control 

Postural Control 
Fatigue Mechanisms Effect 

Metabolic Activation 

 

Energetic demands during exercise (when intensity is greater than lactate 

threshold) increase liquid movements and cardiac and respiratory muscular 

contractions thus affecting postural control (Paillard, 2012) 
 

Metabolic By-products 

 

Metabolic by-products impair muscle spindle afferents and chemo-sensitive 

group III-IV muscle afferents (Windhorst, 2007) 
 

Dehydration 

 

Dehydration causes the loss of endolymphatic liquid which decreases labyrinthic 

pressure, thus altering vestibular function and postural control (Lion et al., 

2010) 

Visual Disturbance 

 

Visual and somatosensory systems adapt to prolonged movement in opposite 

directions (in the case of running). Adaptations may persist after running which 

affect postural control (Lepers, Bigard, Diard, Gouteyron, & Guezennec, 1997) 
 

Vestibular Disturbance 

 

Repeated accelerations of the head during running and jumping decrease 

utricular and saccular sensitivity and impair vestibular information (Paillard, 

2012) 
 

Proprioceptive 

Disturbance 

 

Exercise induced muscle damage resulting primarily from eccentric contractions 

disturbs the sense of force and limb position in muscles, tendons, and joints as 

well as the plantar-cutaneous mechanoreceptors (Paschalis et al., 2007) 
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Static Balance Response to Fatigue 

An abundance of research has been performed on postural control response to general and local fatigue 

protocols. Most studies investigate static balance and fatigue in relation to injury (ankle and knee), 

concussion assessment, and performance (Bove et al., 2007; Clarke et al., 2015; Steib et al., 2013a). 

Thus, there is limited evidence that directly informs the understanding of balance response to sport-

specific loads in elite athletes for the purpose of monitoring NMF. However, this review will attempt to 

identify the impact that various balance testing methods and fatigue protocols have on the 

responsiveness of specific measures. To guide the review, a summary of the responsiveness of various 

single-leg balance measures to load is presented in Table 2.9 The most challenging part of interpreting 

the literature is drawing inferences when each study reports different methods, measures, and loads. 

Given the available results, no single balance measure distinguishes itself from the others, though there 

may be some value to prioritizing variables like path length, SV and 95% ellipse area that represent 

multiple vectors rather than AP or ML vectors alone (Pau et al., 2014). Additionally, the literature lacks 

evidence for the response of non-linear measures of balance such as entropy ½ life despite reports of 

good reliability and sensitivity (Baltich. 2014). The subsequent section will review the evidence for the 

impact of testing method, type of load, population, and leg dominance on responsiveness of balance 

measures. 
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Table 2.9 – Summary of fatigue response of balance measures of static postural control 

Study Balance Methods Fatigue Protocol Measures ES 

21 male youth 
soccer players 
 
(Pau et al., 2014) 

Single-leg (D/ND) 
on hard surface 
with EO 

Repeat sprint ability 
test: 6 reps of 
2x15m shuttle with 
20s rest between 
reps 

Total Path Length 
SV-AP 
SV-ML 
95% Ellipse Sway 
Area 

ES = 0.50 – 
0.57 
ES = 0.51 – 
0.88 
ES = 0.16 – 
0.26 
ES = 0.61 – 
0.67 

19 male youth 
handball players 
 
(Zech et al., 2012) 

Single-leg (D) on 
hard surface with 
EO and EC 

Treadmill running to 
exhaustion 
 
Unilateral barbell 
step-up to failure 

SV ES = 0.45 – 
0.96 

10 elite soccer 
players 
 
(Zemkova & 
Hamar, 2009) 

Double-leg on solid 
and wobble board 
with EO and EC 

90min soccer match 
(RPE 13-17) 

SV ES = 0.76 – 
1.68 

36 Collegiate 
athletes 
 
(Fox et al., 2008) 

Single-leg (ND) on 
hard surface with 
EC 

Aerobic – 20min  
Yoyo Level 1 (RPE = 
18.3, HRmax = 191) 
 
Anaerobic: 2min 
maximal shuttle run 
(RPE = 17.6, HRmax 
= 180) 

SV 
95% Ellipse Sway 
Area 

ES = 0.56 - 0.91 
ES = 0.91 - 1.32 

15 athletes 
(sprinters) 
 
(Romero-Franco 
et al., 2015) 

Single-leg (R/L) on 
hard surface with 
EO 

Anaerobic training 
session - 2 sets of 2 
300m sprints 

Total Path Length 
SV 
95% Ellipse Area 

ES = 0.95 - 1.10 
ES = 1.05 - 1.07 
ES = 0.94 - 1.14 

20 healthy 
participants 
 
(Beurskens et al., 
2016) 

Single-leg (D) on 
hard surface with 
EO 

Incremental 
treadmill running to 
exhaustion (HRmax 
= 195, blood lactate 
= 11.5) 

Total Path Length 
SV 
95% Ellipse Area 

ES = 0.80 - 0.87 
ES = 0.81 - 0.91 
ES = 0.82 - 0.85 

16 healthy control 
participants  
 
(Steib et al., 
2013b) 

Single-leg (D) on 
hard surface with 
EO 

Treadmill running to 
exhaustion 

SV ES = 0.92 - 0.99 

18 male semi-pro 
soccer players 
 

Double-leg on hard 
surface with EO 
and EC 

30min treadmill 
running at individual 
anaerobic and 
ventilatory 

SV ES = 0.30 - 1.40 
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(Guidetti et al., 
2011) 

thresholds (8-11 
km·h¯¹, 149-184 
bpm) 

27 female netball 
players 
 
(Waterman et al., 
2004) 

Single -leg (D/ND) 
on a hard surface 
with EC 

Netball game SV ES = 0.52 

19 healthy control 
participants 
 
(Steib rt al., 
2013a) 

Single-leg (D) on 
hard surface with 
EO 

Treadmill running to 
exhaustion 

SV-AP 
SV-ML 

ES = 0.98 
ES = 1.14 

15 male Collegiate 
Canadian football 
players 
 
(Clarke et al., 
2015) 

Tandem stance on 
hard surface with 
EC 

Game simulation – 4 
x 12-18 high 
intensity efforts 
(HRmax = 188, sRPE-
TL = 638 AU) 

95% Ellipse Area ES = 0.98 

D = dominant leg; ND = non-dominant leg; EO = eyes open; EC = eyes closed; RPE = rating of perceived 

exertion; HRmax = maximum heart rate; sRPE-TL = training load calculated using session RPE (10pt scale) 

x duration; SV = mean sway velocity; AP = anterior-posterior vector; ML = medio-lateral vector; ES = 

effect size 
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Impact of Testing Method on Response to Load 

Various balance testing protocols are represented in the literature, with key distinctions being the 

stance, surface, and visual conditions. Two studies have been identified that report post-fatigue changes 

between different stance conditions. Pau et al. (2014) demonstrated equivalent impairment of all sway 

measurements in both double-leg and single-leg stances following a repeat-sprint fatigue protocol in 

youth soccer players. Meanwhile, Romero-Franco et al. (2015) measured sway path length, sway area, 

and SV in double-leg and single-leg stance on a hard surface with eyes open before and after an alactic 

training session with competitive sprinters. Results indicate that both double-leg and single-leg 

conditions were impaired post-training (33 – 129%), however double-leg changes were no longer 

significant at 30 min post-training whilst single-leg changes persisted past 30 min and were recovered by 

the next testing point at 24 hrs (Romero-Franco et al., 2015).  

 

Balance response to fatigue has also been studied on hard, foam, and unstable (wobble board) surfaces 

with some conflicting results. For example, Thiele et al., (2015) reported impaired balance performance 

on both hard and foam surfaces following back squat training in college-aged men. Several authors have 

reported deficits in double-leg balance on a wobble board but not a hard surface after endurance 

running and soccer match induced fatigue (Lepers et al., 1997; Zemkova et al., 2009). In contrast, 

Marcolin et al. (2016) reports altered balance on a hard surface more than a wobble board following an 

80 Km mountain ultra-marathon. The authors suggested that the hard condition may have deteriorated 

more than the unstable condition due to allocation of additional attentional resources during the more 

challenging (wobble board) test (Marcolin et al., 2016). Collectively, unstable surfaces like wobble 

boards may reveal the greatest fatigue-related impairments in balance performance on double-leg 

stance, however these results may not apply to single-leg stance conditions and may be inappropriate 

for athletes who train and compete on hard surfaces. 
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The final comparison must be made between eyes open and eyes closed visual conditions. Several 

authors report greater impairments of balance in the eyes open condition than the eyes closed 

condition following soccer and running protocols (Brito et al., 2012; Marcolin et al., 2016; Meshkati et 

al., 2011; Zech et al., 2012). This result may be explained by alterations to the visual system due to 

vertical accelerations of the head during running that affect subsequent balance performance (Paillard & 

Noe, 2006). Interestingly, several studies that involve more static fatigue protocols such as high-intensity 

resistance exercise (back squat training), isokinetic fatigue of the ankle and hip, or shorter anaerobic 

running protocols report no difference between conditions, or greater impairment in the eyes closed 

condition (Degache et al., 2014; Guidetti et al., 2011; Lepers et al., 1997; Soleimanifar, Salavati, Akhbari, 

& Moghadam, 2012; Thiele et al., 2015).  

 

In summary, balance performance may be more sensitive to fatigue in single-leg testing conditions. 

However, these results are likely specific to populations based on training history and fatigue task. 

Additionally, unstable surfaces such as wobble boards seem to result in greater balance impairment 

post-fatigue in double-leg stance. And finally, eyes open condition may be more impaired following 

extended running-based fatigue protocols due to adaptation of the visual system to accelerations of the 

head. Together, this compilation of evidence may help guide the development of balance testing 

protocols that would be suitable for monitoring NMF in rugby union players.  

 

Impact of Load Parameters on Balance Responsiveness 

The second criteria to consider in relation to fatigue response is the fatigue protocol itself. Fatigue 

protocols can be described as general or local, with general protocols requiring whole body movement, 

and local protocols using a single or small group of muscles in isolation (Paillard, 2012). Most 
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importantly, the magnitude of fatigue stimulus varies greatly across the literature, and very few studies 

report specific details of load. When attempting to understand the magnitude of the fatigue stimulus, 

key elements of volume and intensity must be extracted from the study. In some cases, the details of 

time, repetitions, or RPE are provided, however the picture is often incomplete. Furthermore, many 

studies use a different definition of “fatigued” state, with some completing exercise to exhaustion (i.e. 

calf raise or treadmill running), until loss of performance (i.e. 50% isokinetic peak torque), or until the 

completion of a predetermined bout of exercise (i.e. soccer game repeat sprint test) (Brito et al., 2012; 

Gribble & Hertel, 2004b; Steib et al., 2013b). Further, duration varies greatly across studies, with local 

fatigue protocols lasting only minutes (Youm, Shin, Lee, Seo, & Park, 2014) and general fatigue protocols 

extending up to multiple days of mountain marathons and hiking (Degache et al., 2014; Vieira, de 

Avelar, Silva, Soares, & Lobo da Costa, 2015). Based on several studies, it can be concluded that greater 

magnitudes of fatiguing stimulus lead to greater impairments in balance. For example, Beurskens et al., 

(2016) reported impairments of postural sway at each successive interval as incline increased during a 

graded treadmill running test. As a result, whilst magnitude of fatigue stimulus is under-reported in the 

literature, it is likely an important factor influencing deficits in postural control. Hence, the literature 

may provide some basic evidence for the responsiveness of balance measures to load, but the details of 

the load-response relationship remain unclear. 

 

Type of load is an important consideration in understanding the responsiveness of balance measures. 

Several studies compare the fatigue response of balance measures based on the specific local 

musculature that is fatigued. For example, Gribble and Hertel (2004a) investigated measures of SV in the 

AP and ML directions following isokinetic fatigue (50% peak torque) of the ankle and knee compared to 

the ankle and hip. Results indicated the only condition in which significant changes were observed was 

in SV-ML (8-37%; P < 0.05) following fatigue of the hip and knee, but not the ankle. The authors 
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suggested that ankle fatigue may be moderated by adopting a balance strategy that utilises larger 

muscle groups, and that SV-ML may be the most sensitive measure to fatigue based on the small ML 

base of support in single-leg stance (Gribble & Hertel, 2004a). Functional protocols investigating the 

fatigue response to local musculature following calf raises (ankle specific) and single-leg squats (hip and 

knee specific) demonstrate deficits in the AP and ML stability index (21-45%; ES = 0.38 – 0.97), but only 

the calf raise fatigue protocol resulted in impairment of the overall stability index (43%; ES = 1.02) 

(Reimer & Wikstrom, 2010). Furthermore, neither the calf raise or single-leg squat fatigue protocols 

impaired balance more than the other (p > 0.05) (Reimer & Wikstrom, 2010). Overall, the results suggest 

that proximal muscle group isokinetic fatigue may affect static balance more than ankle isokinetic 

fatigue with ML measures demonstrating the greatest impairment (Salavati, Moghadam, Ebrahimi, & 

Arab, 2007; Soleimanifar et al., 2012). However, local muscle fatigue may not represent sport-specific 

movement, and general fatigue protocols may be more relevant for informing the expected 

responsiveness of balance measures to rugby union loads. 

 

When comparing local and general fatigue protocols, Zech et al. (2012) investigated the differences in 

postural control following treadmill running to exhaustion and barbell step-ups (3 sets of 20-30 reps). 

Results describe increased SV indicating impaired balance following both running and step-up protocols 

with no significant differences reported between their effects. Additionally, measures of sway path 

following calf raises to failure and rower ergometer exercise to failure both demonstrate impairment in 

the ML and AP directions (Springer & Pincivero, 2009). Furthermore, isokinetic fatigue of the ankle and 

knee (70% maximal voluntary contraction) as well as squat jumps performed until 80% of max height 

could not be maintained resulted in impairments of sway area with deficits lasting more than 30 min 

(Dickin & Doan, 2008). No differences were observed between protocols, and the authors concluded 

that the global effect of fatigue supports the contribution of central mechanisms to fatigue-induced 
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deficiencies in postural control (Dickin & Doan 2008). Other authors have suggested that the primary 

plane of movement (sagittal, frontal, multi-planer) should be considered as this could affect fatigue of 

specific muscle groups related to the regulation of postural control. For example, local isokinetic fatigue 

of hip abductors and adductors is associated with impaired postural control in the ML direction (Salavati 

et al., 2007), and general fatigue in the sagittal plane (cycle-ergometer) affects postural control in the AP 

but not the ML direction (Vuillerme & Hintzy, 2007). Together, these studies suggest that both local and 

general fatigue impacts the sensorimotor system, and that postural control may be impaired despite 

differences in location and type of fatigue (Dickin and Doan, 2008), though these findings could be 

impacted by the primary plane of movement (Salavati et al., 2007; Vuillerme & Hintzy, 2007). Whilst 

these loads do not represent the demands of rugby union, they do provide a basic understanding of the 

impact that the type of load may have on postural control, and further support the need for 

understanding of the load specific response in professional rugby union.  

 

Finally, several studies that investigate the influence of match or simulated game load on postural 

control may be the most beneficial for understanding the potential effect of rugby union training and 

match loads. For example, Zemkova and colleagues (2009) report impaired double-leg balance 

(increased SV) on a wobble board with eyes closed at halftime (ES = 0.96) and with eyes open after a 

soccer match (ES = 1.68). Likewise, Clarke and colleagues (2015) report impaired tandem stance balance 

(increases sway area) measures (ES = 0.98) with eyes closed immediately following a Canadian football 

game simulation. Interestingly, the authors reported concomitant impairment of CMJ and maximal 

isometric torque of knee extensors during voluntary and 20Hz electrical stimulated contractions. Whilst 

these studies may support the responsiveness of balance measures to training and match loads in field-

sport athletes, the details of load are not fully described, and the methods represent differing balance 

protocols and measures which complicate the interpretation of results. Further, all these studies 
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represent acute response to load, and a major limitation of the literature is the lack of evidence for the 

influence of accumulated load on balance performance. 

 

Impact of Population and Leg Dominance on Balance Responsiveness 

Whilst extensive research has been performed in elderly and ill populations (primarily in double-leg 

stance), the influence of competitive level and injury history are two population considerations that are 

pertinent to the understanding of balance impairment in professional rugby union players. Regarding 

competitive level, Meshkati and colleagues (2011) investigated changes in double-leg balance with eyes 

open and eyes closed on a force plate between elite karateists and controls following a graded treadmill 

protocol. Results reveal a greater impairment of balance in the athlete (6-30%) group compared to the 

non-athlete group (6-10%), thus contradicting the assumption that athletes would be more skilled and 

potentially resistant to fatigue. A possible explanation of the results is the greater volume of work 

performed by the athlete group, further suggesting that magnitude of load may have the greatest 

impact postural control impairment (Meshkati et al., 2011). Regarding injury history, Steib and 

colleagues (2013a) compared fatigue induced changes in balance following fatiguing treadmill running 

between a group with history of ankle sprain and healthy controls. Results indicate non-significant 

differences (p = 0.42) in the response of SV between groups, suggesting that balance testing may be 

appropriate for assessing NMF response to rugby union training and match load despite individual injury 

history. 

 

The influence of leg dominance must also be considered when evaluating the responsiveness of single-

leg balance tests to load. Throughout the review, three studies have been identified that reported no 

differences between legs. Ageberg et al. (2003) and Pau et al. (2014) reported equivalent impairment in 
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balance measures between legs in healthy participants following a submaximal cycling protocol, and 

youth soccer players following a repeat-sprint test, respectively. Interestingly, Adlerton et al. (2003) 

reported equal changes to sway amplitude and SV on both the fatigued (calf-raise to failure) and non-

fatigued legs, a result that may suggest a central fatigue mechanism or habitual changes in balance 

strategy that carried over from fatigued to non-fatigued leg. In contrast, three studies demonstrate 

differences in fatigue response between legs. For example, competitive sprinters displayed greater 

impairment of balance on the left leg following repeated intervals of 300 m sprints (Romero-Franco et 

al., 2015). Additionally, Waterman et al. (2004) reported balance impairment in only the non-dominant 

leg following a netball game in competitive females. Brito et al. (2012) also reported that balance was 

better (lower SV) pre-, and impaired more (8.2%) on the non-dominant leg following a competitive 

soccer match. Whilst the evidence is unclear, specific factors of the population and task may result in 

differing responsiveness between dominant and non-dominant legs and should be considered when 

interpreting fatigue-related changes in balance performance. 

 

In summary, a wide variety of fatigue protocols have been used within the literature and provide insight 

into the response of balance measures to different forms of exercise. However, clear quantification of 

the load is not always reported and results from lab-based fatigue protocols may not correspond to the 

loads encountered by elite athletes in training and matches. Regardless, it can be understood that both 

local and general fatigue protocols result in equivalent deficits in postural control. Further, whilst 

isokinetic fatigue of the hip may have a greater affect than that of the ankle due to an adoption of an 

altered balance strategy, this difference may be eliminated when functional and global protocols are 

used. Finally, greater magnitudes of load may result in greater impairments of balance, and special 

consideration should be made for the response of dominant and non-dominant legs within the context 

of the population and load demands. Despite the body of literature describing balance impairment in 
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response to load, the influence of testing method, population, leg dominance, and type and magnitude 

of acute and accumulated load remain unclear. Further evidence for the specific response of balance 

testing methods to rugby union training and match loads is required prior to their use for regular 

monitoring of NMF. 

 

Dynamic Landing Response to Fatigue 

The dynamic postural control response of single-leg landing measures to fatigue must be considered in 

regard to the landing protocol and fatigue protocol. Many studies use unique single-leg landing 

protocols and very few studies compare fatigue response across different drop or jump methods, 

landing heights and landing directions making it difficult to distinguish the effect that protocol has on 

fatigue response. The only study comparing jump to drop landing protocols demonstrates no difference 

in the effect of fatigue on PF and TTS between dropping from a 33cm box and performing a simulated 

spike jump in elite beach volleyball players (Edwards, Steele, & McGhee, 2010). However, jump methods 

may more closely resemble movements within the sport making them more appropriate. Additionally, 

there are an abundance of different fatigue protocols in the literature that represent local muscle 

fatigue, functional movement protocols, and sport-specific loads (Augustsson et al., 2006; Brazen et al., 

2010; Pau et al., 2016). Details of relevant studies that investigate the fatigue response of single-leg 

landing measures of postural control to fatigue are presented in Table 2.10 and the subsequent sections 

will draw conclusions about the responsiveness of different landing measures to the various types and 

magnitudes of load. 
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Table 2.10 – Summary of fatigue response of landing measures of dynamic postural control 

Study Landing Methods Fatigue Protocol Measures ES 
19 healthy control 
participants 
 
(Steib et al., 
2013a) 

Diagonal jump from 
1.25 x leg length 

Treadmill running to 
exhaustion 

TTS-AP 
TTS-ML 

ES = -0.34 
ES = -0.56 

24 healthy 
participants 
 
(Brazen et al., 
2010) 

Drop landing from 
36cm box 

FFP TTS-AP 
vTTS 
PF 

ES = -0.38 
ES = -0.93 
ES = 0.65 

20 healthy 
participants 
 
(Wikstrom et al., 
2004) 

Jump to 50% max 
height and land on D 
leg 

Results combined 
from isokinetic and 
FFP 

TTS-AP 
vTTS 
PF 

ES = 0.6 
ES = -0.51 
ES = -0.23 

17 U15 male 
soccer players 
 
(Pau et al., 2016) 

Jump from 90cm and 
land on D and ND legs 

35min trial match 
covering 3229-4720m 
total distance 

vTTS ES = -0.33 - -0.71 

8 active male 
participants 
 
(Coventry et al., 
2006) 

Drop landing on D leg 
from 80% of max jump 
height (~34.5cm) 

Cycles of single-leg 
landing, single-leg 
CMJ, and single-leg 
squat x 5 

PF ES = -0.5 

11 healthy 
participants 
 
(Augustsson et al., 
2006) 

Hop as far as possible 
on R and L legs 

Knee extensions to 
failure at 50% and 
80% of 1RM 

PF ES = -1.74 

12 male 
participants 
 
(Madigan & 
Pidcoe, 2003) 

Drop landing of 25cm 
box on R leg 

Cycles of single-leg 
landing x 2 and single-
leg squat x 3 

IMP ES = -0.78 

D = dominant leg; ND = non-dominant leg; R = right leg; L = left leg; FFP = functional fatigue protocol; 
CMJ = countermovement jump; TTS-AP = anterior-posterior time to stabilization; TTS-ML = medio-lateral 
time to stabilization; vTTS = vertical time to stabilization; PF = peak landing force; IMP = landing impulse;  
ES = effect size 
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Whilst understanding of the responsiveness of different landing measures can be confounded by 

variations in load and testing methods, several investigations provide insight into the response of TTS 

measures in the vertical, ML, and AP directions (Brazen et al., 2010; Pau et al., 2016; Steib et al., 2013a; 

Wikstrom et al., 2004). As a summary of results, TTS in the AP direction has some evidence for small 

impairment post-fatigue (ES = 0.34 – 0.38) (Steib et al., 2013a; Brazen et al., 2010) although one study 

provides conflicting evidence with reports of significant improvements (ES = 0.60) post-fatigue 

(Wikstrom et al., 2004). The only study to report significant impairment of TTS in the ML direction (ES = 

0.56) used a diagonal jump protocol (Steib et al., 2013a) whilst most studies use linear jump or drop 

from box protocols and report non-significant changes in this measure (Wikstrom et al., 2004; Brazen et 

al., 2010; Augustsson et al., 2006). Of the single-leg landing stability measures reported in the literature, 

TTS in the vertical direction has evidence for the largest and most consistent impairment (ES = .33 - .93) 

post-fatigue (Wikstrom et al., 2004; Brazen et al., 2010; Pau et al., 2016). Although stability index 

measures show promise in reliability studies, there is scant evidence for the response of such measures 

to fatigue. Landing force measures follow a similar pattern to stability measures with several studies 

reporting the fatigue response of PF but only one reporting IMP (Madigan & Pidcoe, 2003). In most 

studies PF decreases post-fatigue (ES = 0.23 – 1.74) (Wikstrom et al., 2004; Coventry et al., 2005; 

Augustsson et al., 2006; Madigan & Pidcoe, 2003) however, one study reports increased PF post-fatigue 

(Brazen et al., 2010). Whilst each population and fatigue protocol are unique, there are no outstanding 

factors that can account for this difference in the testing methods and the increase could be attributed 

to a stiffer landing strategy in which ligaments and joint capsules absorb more force (Brazen et al., 

2010). Only one study reports changes in IMP with moderate decreases (ES = 0.78) post-fatigue 

(Madigan & Pidcoe, 2003). 
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Impact of Load Parameters on Single-leg Landing Responsiveness 

Fatigue protocols vary greatly across single-leg landing studies and are specific to the research questions 

and population of each investigation. The fatigue response of single-leg landing measures is related to 

the type and magnitude (intensity, and duration) of load (Paillard, 2012). Whilst type of load varies 

greatly, several studies investigating single-leg landing measures under conditions of progressive load 

may provide the best way to assess the impact of load magnitude. For example, Madigan and Pidcoe 

(2003) investigated single-leg landings from a 25cm box as a part of a progressive protocol that included 

single-leg squats and single-leg landings to failure. Results indicated progressively lower PF (p < 0.05 at 

all time-points) and IMP (p < 0.05 at final two time-points) alongside increased joint flexion at the knee 

and ankle, a trend that may represent altered movement strategies as a protective mechanism to 

minimise impact forces under fatigue (Madigan & Pidcoe, 2003). These results may represent very acute 

and local effects of fatigue as the protocol included only two movement tasks (single-leg squat landing) 

and the protocol lasted only 6.0 ± 2.3 min (Madigan & Pidcoe, 2003). Another study by Augustsson et al. 

(2006) examined GRF during single-leg landing following a hop for maximal distance. Fatigue resulting 

from leg extensions to failure at 50% and 80% of 1 RM resulted in significant decreases in peak force in 

both fatigue conditions with a trend toward more fatigue effects in the 50% 1RM condition due to a 

greater volume of work completed at the lower intensity. In both cases PF values returned to within pre-

fatigued levels with 3 minutes of recovery (Augustsson et al., 2006). A final study by Coventry et al. 

(2006) investigated single-leg landing measures upon dropping from a trapeze set at 80% of maximal 

double-leg jump height. Progressive rounds of single-leg CMJ, single-leg squats, and single-leg landings 

to failure resulted in systematic changes across time points with significantly lower PF (p = 0.019; ES = 

0.47) in the final time point. In conjunction with other kinematic measures, the authors concluded that 

landing strategy changed under fatigued conditions in order to shift stress to larger muscle groups of the 

hips for shock attenuation (Coventry et al., 2006). 
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Whilst the previously mentioned studies that investigate responses to progressive loading protocols all 

represent relatively short duration fatigue protocols focused on specific musculature, several other 

studies provide insight into the magnitude of effects of functional and sport-specific fatigue protocols. 

For example, Steib et al. (2013b) investigated the effects of treadmill running to exhaustion on TTS in 

healthy controls and athletes with a history of ankle injury, though details of load were limited to a 

mean RPE = 19 and mean HRmax = 194 and no indication of mean running duration was given. This 

landing protocol was unique in that it required participants to jump diagonally from a distance of 1.25 

times the individual’s leg length and land on a force plate. Results indicated that AP and ML TTS 

significantly increased in all groups (p = 0.006-0.041; ES = 0.27 - 0.63) whilst measures of joint position 

sense were not impaired suggesting that the fatigue response is related to central rather than peripheral 

mechanisms. Additionally, Wikstrom et al. (2004) and Brazen et al. (2010) investigated the 

responsiveness of TTS and PF to functional fatigue protocols consisting of a variety of jumps, bounds, 

and agility drills. Brazen et al. (2010) reported mean load parameters of 12.3min, RPE = 19, and HRmax = 

187 alongside greater PF (p < 0.05; ES = 0.65) and increased TTS in the vertical and AP directions (p < 

0.05; ES = 0.93 and 0.38 respectively). Meanwhile, Wikstrom et al (2004) reported a significant response 

of vTTS (p = 0.007; ES = 0.51) and PF (p = 0.006; ES = 0.23), though the specific details of magnitude of 

load were not provided. And finally, in the only study to report sport-specific loads, Pau and colleagues 

(2016) investigated single-leg landing response following a 35 min trial match in youth soccer players. 

Some details of load were provided, with authors reporting an average of 4013 m total distance, and 

results indicate non-significant changes in PF and a significant reduction in vTTS (p = 0.007; ES = 0.52). 

The authors attributed impaired dynamic postural control to alterations in proprioception at the ankle 

and knee affecting the sequence and activation of musculature required for absorbing and stabilizing 

landing forces (Pau et al., 2016). 
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Of note, all the studies investigating the fatigue response of single-leg landing measures have been 

conducted immediately following fatigue protocols and represent only the acute response to the various 

stimuli. Only one study has reported the recovery rate of single-leg landing measures, with PF values 

returning to within pre-fatigue levels by 3 min (Augustsson et al., 2006). However, this was in response 

to a short and isolated fatigue protocol consisting of single-leg landings and single-leg squats and may 

not adequately represent the magnitude and type of fatigue experienced by athletes in training or 

competition. The evidence would suggest that single-leg landing measures are impaired post-fatigue in 

relation to the magnitude of the stimulus (Madigan & Pidcoe, 2003; Coventry et al., 2006), yet no 

evidence exists for the impact of chronic loads on dynamic postural control. Further, despite one study 

in youth soccer, evidence is also lacking for the fatigue response of single-leg landing measures to sport-

specific training protocols involving actual training and game loads (Pau et al., 2016). 

 

In summary, vertical TTS is the most common measure of single-leg landing stability and has the 

strongest evidence for responsiveness to load. Likewise, PF also demonstrates decreases across most 

studies although there is potentially evidence of divergent response based on altered landing strategy. 

Impulse also decreases post-fatigue although there is only one study to support this and there is lacking 

evidence for measures of stability index. Jump and drop landing protocols are common and there is little 

evidence to suggest differences in responsiveness, though jump protocols may better resemble sport-

specific movements in the context of monitoring NMF. Different loads represented in the literature 

include local, functional protocols, and sport-specific and whilst the specific load response is difficult to 

determine, there is evidence to suggest that larger magnitudes of load result in greater postural control 

impairment. Therefore, the literature provides some insight into the general responsiveness of single-leg 

landing measures to load. However, evidence for the response to sport-specific loads is limited, and 
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there is no evidence for the effect of accumulated loads on single-leg balance. Further, no previous 

studies have investigated the single-leg balance response to load in the context of monitoring NMF. 

 

Conclusions on the Fatigue Response of Postural Control Measures 

Evidence in the literature reports the fatigue response of single-leg balance and landing tests following a 

variety of loads including locally fatiguing isokinetic exercise of the ankle, knee and hip, functional 

fatigue protocols that include running, jumping, step-ups and squatting, and sport-specific soccer match 

and Canadian football game simulation loads (Table 2.10. Whilst the results indicate general impairment 

of the ability to control the centre of mass in static balance conditions and impairment of the 

attenuation of forces and stabilization of body mass during dynamic landing tasks (Wikstrom et al., 

2004; Pau et al., 2016; Clarke et al., 2015; Steib et al., 2013a). However, there are numerous postural 

control testing protocols and measures presented in the literature and there is a lack of consensus on 

the most meaningful methods for monitoring postural control response to fatigue. Further, the 

magnitude of response and time-course for recovery varies greatly across different fatigue protocols 

and evidence for the dose response relationship to load is limited. Further, there is no evidence to 

inform the influence of accumulated load on postural control. Thus, results from the literature may not 

adequately represent expected postural control response to rugby union training and match loads and 

more research is warranted. Regardless, the following points may summarise the evidence for the 

fatigue response of single-leg balance and landing tests and serve as a guide for understanding the 

responsiveness of postural control testing methods. 
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• Single-leg Balance 

o Eyes open balance condition may demonstrate impairment due to adaptations of the 

visual system during extensive running, whilst impairments of eyes closed balance may 

represent alterations in the proprioceptive systems. 

o Protocols focused on local musculature compared to global fatigue both elicit balance 

impairment, though the type, intensity and volume of load are likely to influence the 

magnitude of response and the time course of recovery. 

o No single balance measure demonstrates superior responsiveness to load, and 

measures of sway path, SV and sway area that represent total displacement of the 

centre of mass may be the most appropriate. 

• Single-leg Landing 

o Fatigue effects on single-leg landing measures may be equivalent for methods utilizing 

jumping protocols compared to dropping from a box. 

o Single-leg landing measures are impaired in relation to the magnitude of the stimulus 

and recovery may occur in as little as 3 minutes following short fatigue protocols 

focused on isolated musculature. 

o Vertical TTS demonstrates impairment as the most commonly reported outcome 

measure of single-leg landing response to fatigue. However, changes in PF and IMP may 

demonstrate altered landing strategy post-fatigue. 
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2.6 Summary; Conclusions on the Potential of Postural Control for Monitoring 
Neuromuscular Fatigue 
 

Postural control represents the ability to maintain the centre of mass within the centre of pressure 

during static balance tasks and to absorb and stabilise forces during dynamic landing tasks. These 

physical qualities require integrated coordination of sensorimotor inputs from the visual, vestibular and 

somatosensory systems and outputs of the neuromuscular system; all of which are compromised by 

fatigue. As such, postural control tests may provide a novel alternative for monitoring NMF with the 

advantages of minimal physical demand of testing methods and added insight into joint stability that 

may be important for guiding readiness to train post-match. However, prior to the implementation of 

postural control tests for monitoring NMF, the reliability and responsiveness of testing methods to 

rugby union training and match loads must be understood. 

 

Single-leg balance and landing testing methods vary greatly, however acceptable reliability has been 

demonstrated, with several key considerations contributing to optimal testing methods. For balance, 

single-leg tests on an unstable surface with eyes closed should be avoided and hard surfaces with eyes 

closed may present an appropriate challenge for elite athletes. Measures of sway path length and SV 

collected from 2-3 trials of 20s or more on a force plate sampling at a minimum of 100Hz with a 10Hz 

cut off filter may provide the most reliable results. For landing, jump protocols using standardised height 

and distance represent the best methods. Vertical TTS using a SA processing method and DPSI are the 

most reliable measures of landing stability, whilst evidence for the reliability of landing force measures 

is lacking. Whilst details describing the application of such methods in rugby union are lacking, these 

considerations may guide the selection of postural control testing methods and measures for monitoring 

NMF. 
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Single-leg balance and landing tests both demonstrate responsiveness to fatigue across a variety of load 

conditions ranging from isokinetic fatigue of isolated musculature to sport-specific training and match 

protocols. Whilst a variety of evidence exists, the magnitude of fatigue response seems to be relative to 

type, intensity and volume of load. Balance measures of sway path, SV and sway area may represent 

good overall measures of balance response to load. Landing TTS represents impaired stability whilst PF 

and IMP measures may describe altered landing strategy in response to load. However, the current 

evidence is limited to acute responsiveness and there is no indication of the effect of accumulated loads 

on postural control. Further, the details of load are often unclear making the application of results to 

rugby union difficult.  Whilst there is some evidence for the responsiveness of postural control tests to 

fatigue, the specific load response should be determined within the context of the NMF monitoring in 

professional rugby union. 

 

Given the evidence for reliability and responsiveness to load of single-leg balance and landing tests, they 

may provide a novel alternative for monitoring NMF in applied sport settings. Such tests are submaximal 

in nature and require less motivation and may result in less stress on the athlete compared to maximal 

tests of speed, strength or power. Given the current state of the literature, further research into tests of 

postural control that identify NMF by means of proprioception and motor control rather than just 

maximal muscular output are of particular interest.  The intra-test and inter-day reliability of postural 

control tests is particularly important for establishing parameters meaningful change to guide 

interpretation of post-match monitoring. Additionally, specific dose-response relationships between 

internal and external loads during matches and training and their relationship to postural control 

impairment would be valuable for understanding post-match fatigue and recovery in order to plan 

subsequent training to optimise performance. Further an understanding would provide practitioners 

with novel tools for monitoring post-match NMF at the beginning of a weekly micro-cycle in order to 
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plan appropriate training and recovery. Overall, the response of postural control tests to sport-specific 

acute and accumulated training and match loads warrants further investigation in order to guide their 

implementation as NMF monitoring tools in rugby union.  
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CHAPTER 3 

STUDY 1 
 

Reliability of Single-leg Balance and Landing Tests in Rugby Union; 

Prospect of Using Postural Control to Monitor Fatigue 

 

As based on: 

Troester, J., Jasmin, J., & Duffield, R. (2018). Reliability of single-leg balance and landing tests in rugby 

union; prospect of using postural control to monitor fatigue. Journal of Sports Science and Medicine, 17, 

174-180. 
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Abstract 

The present study examined the inter-trial (within test) and inter-test (between test) reliability of single-

leg balance and single-leg landing measures performed on a force plate in professional rugby union 

players using commercially available software (SpartaMARS, Menlo Park, USA). Twenty-four players 

undertook test – re-test measures on two occasions (7 days apart) on the first training day of two 

respective pre-season weeks following 48h rest and similar weekly training loads. Two 20s single-leg 

balance trials were performed on a force plate with eyes closed. Three single-leg landing trials were 

performed by jumping off two feet and landing on one foot in the middle of a force plate 1m from the 

starting position. Single-leg balance results demonstrated acceptable inter-trial reliability (ICC = 0.60-

0.81, CV = 11-13%) for sway velocity, anterior-posterior sway velocity, and mediolateral sway velocity 

variables. Acceptable inter-test reliability (ICC = 0.61-0.89, CV = 7-13%) was evident for all variables 

except mediolateral sway velocity on the dominant leg (ICC = 0.41, CV = 15%). Single-leg landing results 

only demonstrated acceptable inter-trial reliability for force-based measures of relative peak landing 

force and impulse (ICC = 0.54-0.72, CV = 9-15%). Inter-test results indicate improved reliability through 

the averaging of three trials with force-based measures again demonstrating acceptable reliability (ICC = 

0.58-0.71, CV = 7-14%). Of the variables investigated here, total sway velocity and relative landing 

impulse are the most reliable measures of single-leg balance and landing performance, respectively. 

These measures should be considered for monitoring potential changes in postural control in 

professional rugby union. 
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3.1 Introduction 
 
Postural control is defined as the ability to control the centre of mass and incorporates synergistic 

performance of the neuromuscular and sensorimotor systems (Paillard, 2012).  While many non-

instrumented and instrumented assessments of postural control are available, static single-leg balance 

tests and dynamic single-leg landing tests performed on a force plate are commonly used in elite athletic 

populations. Single-leg balance and landing tasks are suggested to be associated with performance and 

injury occurrence in a variety of athletes (Munn et al., 2010). For example, postural control can 

successfully identify differences between healthy and injured populations with functional ankle 

instability (Wikstrom et al., 2005) and anterior cruciate ligament reconstruction (Harrison, Duenkel, 

Dunlop, & Russell, 1994). More recently, research has suggested the potential of postural control tests 

for monitoring neuromuscular fatigue (NMF) status in athletes (Clarke et al., 2015; Pau et al., 2016). 

However, understanding of the smallest worthwhile change and variability in measures is required to 

further use these measures in the monitoring of fatigue. 

 

Whilst countermovement jump (CMJ) testing is the most common tool to assess NMF in team-sport 

settings (Taylor et al., 2012), there are several limitations to its effectiveness. The CMJ is a maximal 

attempt to produce lower-body power, and athletes may be capable of adopting different movement 

strategies to accomplish similar total output and mask the presence of NMF (Gathercole et al., 2015). 

Secondly, CMJ may not account for more subtle central (neural drive) and peripheral (efferent feedback 

through mechanoreceptors) nervous system factors that are interrelated with NMF (Paillard, 2012). The 

value of postural control tests for athlete monitoring is their potential insight into underlying NMF 

during the critical post-match window when the practicality and athlete compliance of maximal power 

tests are limited, especially in collision sports like rugby union (Clarke et al., 2015). 
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As evidence of their criterion validity, postural control tests have demonstrated sensitivity to local, 

general, and sport-induced fatigue. Isokinetic exercise-induced fatigue has produced 12 – 49% 

decrements and balance performance and 5 – 17% decrements in landing performance (Bizid et al., 

2009; Salavati et al., 2007; Wikstrom et al., 2004). General fatigue protocols consisting of running or 

mixed activity conditioning has resulted in 16 – 32% reductions in single-leg balance and 4-35% 

reductions in single-leg landing measures (Brazen et al., 2010; Steib et al., 2013a; Zech et al., 2012). 

Meanwhile, 65% and 28% reductions in balance and landing performance have been demonstrated 

following a simulated Canadian Football game and youth soccer match respectively (Clarke et al., 2015; 

Pau et al., 2016). Thus, there is evidence to suggest the robustness of static and dynamic postural 

measures to be applied to an ongoing NMF monitoring context in high-performance rugby.  

 

However, prior to the use of postural control tests as a NMF monitoring tool, the reliability of such tests 

must be clearly understood.  By determining reliability, practitioners can also understand thresholds for 

meaningful change based on the typical error of the test to allow better interpretation of outcomes. 

Numerous measures have been used to describe balance performance based on the displacement, 

velocity, amplitude, area, frequency, predictability, and complexity of centre of pressure (COP) 

measures on a force plate (Duarte, 2010). While many variables demonstrate good reliability across a 

variety of testing methods related to trial length, stance, and visual conditions, mean sway velocity (SV) 

is identified as one of the generally more reliable variables (r = 0.62 – 0.94) (Ruhe et al., 2010). Dynamic 

postural control has been previously studied through a variety of landing protocols on a force plate 

(Tran et al., 2013).  There is some disagreement in the literature about the key kinetic variables to 

measure, with time to stabilization (TTS) being the most common; alongside relative peak force, relative 

impulse, and customised calculations of stability index (Wikstrom et al., 2005).  There are also conflicting 

results on the reliability of dynamic postural control measures. Reliability ranges from moderate (ICC = 
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0.40) for youth soccer players performing a drop landing from a box (Fransz et al., 2014) to excellent 

(ICC = 0.96) for healthy participants landing from 50% of maximal jump height (Wikstrom et al., 2005). 

 

Since postural control tests have the potential to be applied as a NMF monitoring tool in elite sport, 

practical methods of data collection and analysis using commercially available software should be 

investigated. The inter-trial and inter-test reliability of single-leg balance and single-leg landing tests in 

athletes is necessary to understand typical error and the subsequent thresholds for meaningful change 

inherent to these tests.  Therefore, the aim of this study was to examine the inter-trial and inter-test 

reliability of single-leg balance and single-leg landing tests performed on a force plate in professional 

rugby union players. 

 

3.2 Methods 

Experimental Approach to the Problem 

Static balance and dynamic landing tasks were performed on a calibrated force plate in a test- re-test 

experiment to determine inter-trial and inter-test reliability. Testing sessions were identical and 

occurred on two training days separated by 7 days. Both testing days were preceded by 48 h of rest and 

performed at a standardised time (8:00 - 10:00) on the first training day of the week.  All participants 

had extensive prior familiarity with the testing protocols, having undertaken testing procedures on at 

least six occasions prior to the testing weeks.   Testing days were selected to follow weeks with similar 

prior training loads.  Participants reported to the testing location in a secluded corner of the gym 

wearing normal training attire.  Testing was performed barefoot and athletes had not participated in any 

physical activity prior to testing. 
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Participants 

Twenty-four professional male rugby union players (age: 25.4 ±3.7 yr, height: 185.8 ± 6.4 cm, mass: 

105.7 ± = 13.7 Kg), including 14 forwards and 10 backs, volunteered to participate in this study.  All 

participants were a part of the pre-season training roster for a professional rugby franchise (first team 

matches: 63 ± 47).  All participants were currently participating in full training and free of injury during 

the 3 months prior to the investigation. Full time training required participation in 4-5 conditioning and 

skill sessions, along with 4 strength training sessions in a weekly micro cycle. Prior to testing, all 

participants were provided written and verbal instructions and signed an informed consent form 

following approval by the University Ethics Committee (UTS HREC REF NO. ETH16-0626). However, 

testing was performed as a part of normal sports science and medical screening practices at the club. 

 

Procedures 

Balance 

Static balance testing was performed using a commercially available piezoelectric force plate with a 

sampling frequency of 1000 Hz (9260AA6, Kistler Instruments, Winterthur, Switzerland).  Force plate 

data were collected and analysed using commercially available software (SpartaMARS, Sparta 

Performance Science, Menlo Park, USA).  Prior to testing the force plate was calibrated according to 

manufacturer’s specifications, and prior to each test was zeroed before data collection. Participants 

were instructed to stand on two feet with hands on hips and eyes closed to establish baseline force. A 

subsequent beep indicated they should lift one leg and maintain a stable position for 20 seconds.  A 

second beep indicated the end of the 20 second trial at which point participants were instructed to rest.  

A ten second interval was provided between trials with the second trial occurring on the opposite leg.  In 

total, four trials (two per limb) were completed in alternating fashion. During each balance trial, COP 
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displacement was measured, and commercially available software provided measures of total sway 

velocity (m.s-1), sway velocity anterior-posterior (m.s-1), and sway velocity medial-lateral (m.s-1) as based 

on previous evidence (Prieto et al., 1996). 

 

Landing 

Following static balance testing, participants completed dynamic stability testing consisting of a jump 

and single-leg landing on the same force plate and data acquisition software.  The force plate was re-

zeroed, and participants stood still on the plate for 3 seconds to re-establish baseline force.  Participants 

then stepped back to a starting mark 1 m from the centre of the force plate.  Upon hearing an auditory 

signal, participants jumped off two legs and landed on the dominant (kicking) leg in the centre of the 

force plate.  Participants were instructed to jump as high as possible and hold the landing on one leg. A 

second auditory signal indicated completion of the trial when the participant’s ground reaction force 

had equalised within 5% of baseline force in accordance with established processing methods for time 

to stabilization (Colby et al., 1999). Subsequent trials were completed on alternating legs with a total of 

three trials performed on each side. Testing procedures were similar to those previously established 

(Wikstrom et al., 2005). During each landing trial, relative peak landing force (PF) (N.Kg-1), relative 

landing force impulse (IMP) (N.s.Kg-1), and total time to stabilization (TTS) (s) were collected using 

commercially available software for dominant and non-dominant legs. 

 

Training Loads 

Given training induced fatigue may influence any measure of NMF or postural control, testing sessions 

were preceded by 48h recovery and training loads were recorded for the week prior to each testing 
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session.  Internal load was determined using the rating of perceived exertion (sRPE) method (Foster et 

al., 2001) within 15 minutes of each session on a modified 10 point Borg scale for all gym and field 

sessions.  Training Load (sRPE-TL) was calculated as sRPE x duration, resulting in an arbitrary unit (AU) 

value for each (gym, conditioning, on-field rugby and conditioning) session.  Data were entered, 

calculated, and stored in data management software (Smartabase, Fusion Sports, Sumner Park, AUS).  

External load was determined for all field sessions with wearable integrated 15Hz global positioning 

system (GPS) and 100Hz accelerometer devices (SPI-HPU; GPSports, Canberra, Australia). Units were 

worn against the spine, just above the shoulder blades in manufacturer provided vests.  Data were 

downloaded and analysed using Team AMS software and SPIIQ web applications (GPSports, Canberra, 

Australia) and reported here as total distance.  

 

Statistical Analyses 

Data were collated and categorised based on trial, test day, and dominant (D) or non-dominant (ND) leg 

determined by preferred kicking leg (Pau et al., 2015). Customised spreadsheets (Hopkins, 2002) were 

used to determine reliability via  intraclass correlation coefficient (ICC), typical error (TE), and coefficient 

of variation (CV). Mean and standard deviation was also determined, and paired t-test used to identify 

between test differences. Significance was set at P ≤ 0.05.  Calculations were performed for comparison 

of trials within a test (inter-trial) for each variable collected as well as comparison of the mean values of 

trials from the two test dates (inter-test) (Hopkins et al., 2009). ICC provides a measure of relative 

reliability (Hopkins et al., 2009), and was interpreted based on the thresholds: < 0.49 (small), 0.50-0.69 

(moderate), 0.70-0.89 (large), and 0.90-1.00 (very large) (Munro, 1986). Coefficient of variation provides 

a measure of absolute variability of the test and is calculated as: mean / TE *100, with CV ≤ 10% 
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indicative of good variability and CV ≤ 15% indicative of acceptable reliability (Hopkins, 2000). Smallest 

worthwhile change (SWC) was calculated as 0.2 * between-subject SD (Hopkins, 2000). 

3.3 Results 

Training Load: 

No significant differences (P>0.05) were evident in any marker of internal or external training load in the 

week prior to either testing session (Table 3.1). 

 

Inter-trial reliability: 

Inter-trial reliability, representing variability between trials within the same single-leg balance testing 

session, are presented in Table 3.2.  ICC’s for all reported variables were deemed large (ICC > 0.70), 

except for anterior-posterior sway velocity on the dominant leg which was classified as moderate (ICC = 

0.60). CV’s for all reported variables ranged from 11-13%, indicating moderate within-testing variability 

for measures of static postural control. Additionally, typical error exceeded SWC for all measures, and 

significant differences (P<0.05) were evident between trials for all variables on the dominant leg. 

Inter-trial reliability, representing variability between trials within the same single-leg landing testing 

session is presented in Table 3.3. ICC’s for the force-based landing variables of relative peak force and 

relative impulse were moderate to large (ICC=0.54 – 0.72) and CV’s between 9 - 15% indicate moderate 

variability of force-based measures of dynamic postural control.  In contrast time to stabilization 

resulted in small ICC’s (0.22 – 0.27) and CV’s between 25 - 29%, indicating high variability in stability-

based measures of dynamic postural control. TE exceeded SWC for all measures, and significant 

differences (P<0.05) were evident between trials for relative impulse on the dominant leg. 
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Table 3.1 – Mean ± SD training load and distance for weeks prior to reliability testing day1 and day 2 

 Week 1 Week 2 P 

Number of Session (field, gym) 6, 4 6, 4  
 
Daily Total Training Load (AU) 

 
538 ± 146 

 
744 ± 139 

 
0.22 

 
Daily Total Distance (m) 

 
4652 ± 709 

 
4767 ± 675 

 
0.31 

 
Weekly Total Training Load (AU) 

 
3667 ± 641 

 
3393 ± 534 

 
0.15 

 
Weekly Total Distance (m) 

 
17699 ± 3952 

 
18662 ± 3096 

 
0.78 

AU=arbitrary units, m=metres, No significant differences between weeks (p>0.05) 
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Table 3.2 – Mean ± SD inter-trial reliability of single-leg balance test performed with eyes closed on a 
force plate 

 Trial 1 Trial 2 TE ICC %CV SWC P 
value 

Sway Velocity – ND 
(cm.s-1) 

0.85 ± 0.19 0.84 ± 0.20 0.10 0.75 12 0.04 0.17 

Sway Velocity – D 
(cm.s-1) 

0.89 ± 0.18 0.85 ± 0.20 0.10 0.73 12 0.04 0.02* 

Sway Velocity AP – ND 
(cm.s-1) 

0.60 ± 0.14 0.60 ± 0.16 0.08 0.75 13 0.03 0.21 

Sway Velocity AP – D 
(cm.s-1) 

0.65 ± 0.13 0.58 ± 0.12 0.08 0.60 13 0.03 0.01* 

Sway Velocity ML – ND 
(cm.s-1) 

0.48 ± 0.012 0.46 ± 0.11 0.06 0.71 13 0.02 0.22 

Sway Velocity ML – D 
(cm.s-1) 

0.49 ± 0.013 0.47 ± 0.012 0.05 0.81 11 0.02 0.01* 

ND = Non-Dominant, D = Dominant, AP = Anterior / Posterior, ML = Medial / Lateral, TE = Typical Error, 
ICC = Intraclass Correlation Coefficient, %CV = % Coefficient of Variation, SWC = Smallest Worthwhile 
Change, *= significantly different between Trial 1 and 2 (p≤0.05). 
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Table 3.3 – Mean ± SD inter-trial reliability of single-leg landing test performed onto a force plate from 1 
meter away with a self-selected jump height 

 Trial 1 Trial 2 TE ICC %CV SWC P value 
Relative Peak Force – ND 
(N.Kg-1) 

4.58 ± 1.01 4.93 ± 1.19 0.62 0.69 13 0.22 0.17 

Relative Peak Force – D 
(N.Kg-1) 

4.62 ± 1.22 5.14 ± 1.45 0.71 0.72 15 0.27 0.30 

Relative Impulse – ND 
(N.s.Kg-1) 

2.16 ± 0.30 2.23 ± 0.37 0.23 0.54 11 0.07 0.32 

Relative Impulse – D 
(N.s.Kg-1) 

2.08 ± 0.28 2.25 ± 0.33 0.18 0.65 9 0.06 0.01* 

Time to Stabilization – ND 
(s) 

0.61 ± 0.16 0.64 ± 0.19 0.15 0.27 25 0.04 0.43 

Time to Stabilization – D 
(s) 

0.71 ± 0.25 0.61 ± 0.19 0.19 0.22 29 0.04 0.09 

ND = Non-Dominant, D = Dominant, TE = Typical Error, ICC = Intraclass Correlation Coefficient, %CV = % 
Coefficient of Variation, SWC = Smallest Worthwhile Change, *= significantly different between Trial 1 
and 2 (p≤0.05). 
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Inter-Test reliability:  

Inter-test reliability, representing the variability between single-leg balance testing sessions performed 7 

days apart is presented in Table 3.4. ICC’s for all reported variables were deemed moderate to very large 

(ICC=0.61 – 0.90), except for medial-lateral sway velocity on the dominant leg which was classified as 

small (ICC = 0.41). CV’s for all reported variables ranged from 7 - 15% indicating moderate between test 

variability for measures of static postural control. TE exceeded SWC for all measures, and no significant 

differences (P>0.05) were observed between any reported variables for testing sessions performed 7 

days apart. 

 

Inter-test reliability, representing the variability between single-leg landing sessions performed 7 days 

apart is presented in Table 3.5. ICC’s for the force-based variables of relative peak force and relative 

impulse are moderate to large (ICC=0.58 – 0.71), and CV’s between 7 - 14% indicate moderate between 

test variability of force-based measures of dynamic postural control. Time to stabilization resulted in a 

moderate ICC on the non-dominant leg (ICC=0.60) and small ICC on the dominant leg (0.28).  CV’s 

ranged from 13 - 21% indicating large between test variability of stability-based measures of dynamic 

postural control. TE exceeded for all measures, and significant differences (P<0.05) between testing 

sessions 7 days apart were evident only for relative impulse on the dominant leg. 
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Table 3.4 – Mean ± SD inter-test reliability of single-leg balance test performed with eyes closed on a 
force plate 

 Day 1 Day 2 TE ICC %CV SWC P value 
Sway Velocity – ND 
(cm.s-1) 

0.86 ± 0.20 0.85 ± 0.20 0.10 0.67 12 0.03 0.78 

Sway Velocity – D 
(cm.s-1) 

0.91 ± 0.18 0.89 ± 0.18 0.08 0.79 9 0.03 0.63 

Sway Velocity AP – ND 
(cm.s-1) 

0.60 ± 0.15 0.60 ± 0.14 0.08 0.61 13 0.03 0.79 

Sway Velocity AP – D 
(cm.s-1) 

0.61 ± 0.12 0.62 ± 0.13 0.04 0.89 7 0.03 0.47 

Sway velocity ML – ND 
(cm.s-1) 

0.48 ± 0.12 0.48 ± 0.11 0.05 0.78 11 0.02 0.75 

Sway Velocity ML – D 
(cm.s-1) 

0.52 ± 0.12 0.49 ± 0.12 0.08 0.41 15 0.02 0.32 

ND = Non-Dominant, D = Dominant, AP = Anterior / Posterior, ML = Medial / Lateral, TE = Typical Error, 
ICC = Intraclass Correlation Coefficient, %CV = % Coefficient of Variation, SWC = Smallest Worthwhile 
Change, *= significantly different between Trial 1 and 2 (p≤0.05). 

 

  



110 
 

Table 3.5 – Mean ± SD inter-test reliability of single-leg landing test performed onto a force plate from 1 
meter away with a self-selected jump height 

 Test 1 Test 2 TE ICC %CV SWC P value 
Relative Peak Force – ND 
(N.Kg-1) 

4.58 ± 1.00 4.89 ± 1.05 0.67 0.58 14 0.21 0.13 

Relative Peak Force – D 
(N.Kg-1) 

4.76 ± 0.90 5.05 ± 1.15 0.57 0.71 12 0.21 0.10 

Relative Impulse – ND 
(N.s.Kg-1) 

2.18 ± 0.31 2.27 ± 0.24 0.17 0.64 8 0.05 0.09 

Relative Impulse – D 
(N.s.Kg-1) 

2.22 ± 0.27 2.31 ± 0.26 0.15 0.68 7 0.05 0.05* 

Time to Stabilization – ND 
(s) 

0.63 ± 0.12 0.62 ± 0.13 0.08 0.60 13 0.03 0.82 

Time to Stabilization – D 
(s) 

0.66 ± 0.17 0.60 ± 0.14 0.13 0.28 21 0.03 0.10 

ND = Non-Dominant, D = Dominant, TE = Typical Error, ICC = Intraclass Correlation Coefficient, %CV = % 
Coefficient of Variation, SWC = Smallest Worthwhile Change, *= significantly different between Trial 1 
and 2 (p≤0.05). 
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3.4 Discussion 

The objectives of this study were to determine the inter-trial and inter-test reliability of specific static 

and dynamic postural control protocols performed on a force plate, with a view understanding their 

variability when measuring NMF in professional rugby union players. Our results indicate generally 

better reliability of balance measures than landing measures, with sway velocity and IMP being the most 

reliable of the measures investigated for balance and landing respectively. An understanding of the 

variability (biological and technological) and sensitivity of the tests will establish thresholds for 

meaningful change that can be used to identify potential NMF and thus inform decisions related to 

performance optimisation. 

 

Single-Leg Balance 

Sway velocity measures showed moderate (ICC > 0.50) to good (ICC > 0.70) inter-trial (within test) and 

inter-test (between test) reliability for all vectors and limbs, except for inter-test reliability of medial-

lateral (ML) sway velocity on the dominant leg (ICC = 0.41). Yamanaka et al. (2012) and Hertel et al. 

(2006) use a similar single-leg stance protocol and COP mean velocity processing methods, reporting 

ICC’s of 0.64 and 0.72 for respective measures. Such findings are comparable to the present results, 

though these studies did not include CV values to compare to the present findings of 7-13%. Other 

existing research spans a broad range of populations, testing protocols and processing methods and 

thus direct comparison is difficult. For example, Meshkati et al. (2011) investigated the reliability of 

mean velocity of double leg stance on a force plate in athletes with results of ICC’s from 0.45 – 0.89 and 

CV’s from 7.2 – 11.7%. Salavati et al. (2009) reported good reliability of mean sway velocity in double leg 

stance for a group of healthy controls with eyes open (ICC = 0.91 and CV = 7.3%), and Clarke et al. (2015) 

reported ICC = 0.71 – 0.99 for sway area in a tandem stance protocol among Canadian Football players. 
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Whilst this collection of research provides an overview of the expected reliability and sensitivity of mean 

velocity measures, the variety of methods justifies the need for further evidence in specific populations 

and protocols in order for thresholds for meaningful change to be understood. 

 

Exploring sway velocity as a marker of postural control in more detail, our results indicate that 

participants performed better (lower sway velocity) on the ND leg than the D leg in 11 out of 12 tests. 

This performance bias is supported by existing research suggesting lower sway velocity on the ND leg 

(Hertel et al., 2006). In addition, all ML measures show good reliability except for inter-test measures on 

the D leg (ICC = 0.41). The ML direction is the smallest base of support, and is perceived as the most 

challenging direction of single-leg stability despite previous reports of acceptable reliability for ML sway 

(ICC = 0.64 – 0.65) (Hertel et al., 2006; Yamanaka et al., 2012). Of further note, inter-trial measures 

showed significant improvements between trial 1 and trial 2 on the dominant leg indicating a systematic 

bias between trials. Thus, the addition of practice trials to the testing protocol could further improve 

reliability. Regardless, inter-test reliability suggests that total sway velocity and anterior-posterior sway 

velocity are the most reliable (ICC = 0.79, 0.90 respectively) and sensitive (CV = 9%, 7% respectively) 

measures of single-leg balance investigated in the current study. 

 

Single-Leg Landing 

The single-leg landing measures investigated in the current study can be divided into two categories, 

including the force-based measures of PF and IMP and stability-based measure of time to stabilization 

(TTS). Inter-trial reliability of single-leg landing measures resulted in moderate ICC values (0.54 – 0.72) 

and CV’s (9 – 15%) for force-based measures PF and IMP, while TTS was less reliable (ICC 0.22 – 0.60; CV 

13 – 29%). While a variety of testing protocols exist throughout the literature, similar protocols to our 
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study demonstrate ICC’s of 0.97 and 0.90 for TTS on the ND and D legs respectively (Colby et al., 1999) 

and an ICC of 0.78 and CV of 18% for TTS on the D leg (Wikstrom et al., 2005). These studies 

demonstrate better reliability which could result from methods using submaximal jump heights and 

non-athlete populations. Given the current study instructed elite athletes to jump as high as possible, it 

is conceivable our study investigated greater landing forces which pose a greater challenge to stability 

(Wikstrom et al., 2005). Modifications to the protocol for improving reliability could include further 

standardizing landing force by setting a submaximal target (Wikstrom et al., 2005), barrier (Colby et al., 

1999), or box height (Ross & Guskiewicz, 2004), though it may then lack ecological validity in an athletic 

environment. 

 

The majority of research focuses on the stability-based measure of TTS with very few reporting PF or 

IMP. Previous research may have not reported these measures because of the focus on more direct 

measures of stability; however, absorption and stabilization are equally important aspects of the landing 

process (Wikstrom et al., 2006). Specifically, force-based measures relate better than stability-based 

measures to the dynamic nature of multi-directional movement demands and collisions inherent to 

rugby. Tran et al. (2013) reported PF as a measure of attenuation of eccentric load in a study 

investigating single-leg landing performance among adolescent surfers. The ICC of 0.63 and CV 25% for 

PF on the D leg reported in this study (Tran et al., 2013) is lower than those reported in our study, 

possibly due to investigation of a youth population. 

 

Of practical relevance, using mean values from three trials resulted in generally improved reliability 

between tests for both force and stability measures over respective weeks. Further, inter-test analysis 

revealed that performance and reliability was better on the dominant leg for force-based measures and 



114 
 

better on the non-dominant leg for stability-based measures. This could reinforce the idea of differing 

roles of the dominant and non-dominant legs as mobilisers and stabilisers (Grouios, et al., 2009). That 

said, previous literature contradicts this hypothesis given that leg preference has been shown to be 

inconsistent between tasks (Huurnink et al., 2014). Regardless, force-based measures appear to be the 

most reliable, while TTS on the non-dominant leg could also be an acceptable measure of dynamic 

postural control. 

 

In summary, the use of various postural control tests in a real world context is based on the trade-off 

between time and effort required for testing and the relevance of determining an individual’s ability to 

use the complex interaction of sensorimotor system elements (Paillard, 2012). Previous evidence 

demonstrates that static tests are more reliable than dynamic tests (Fransz et al., 2014) and several 

studies indicate that single-leg balance and landing tests measure different elements of postural control 

(Sell, 2012), though dynamic tests are more ecologically valid to the demands of athletes (Pau et al., 

2015). This confirms our results which indicate more difficult testing protocols (single-leg balance with 

eyes closed and single-leg landing from maximal jump height) result in greater variability and as a result 

are less precise (higher CV’s). However, more challenging tests are more likely to elicit large changes 

based on contributing factors of proprioception and neuromuscular control and thus still able to detect 

meaningful change (Meshkati et al., 2011). 

 

3.5 Conclusions 

Of the measures identified for investigation in this study, sway velocity and IMP are the recommended 

measures of single-leg balance and landing performance based on their reliability and precision. Time to 
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stabilization should be used with caution due to the differing reliability between dominant and non-

dominant legs and higher variability. The variables in the current study represent measures included in 

commercially available force plate assessment software used by teams in elite sport settings, and other 

measures exist that may prove more or less effective but require further investigation. Additionally, the 

current study can be used to determine the sensitivity of tests and form the foundation for further 

investigation into the relationship of postural control to fatigue and performance in rugby union 

populations. 
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CHAPTER 4 

STUDY 2 
The Influence of Training Load on Postural Control and 

Countermovement Jump Responses in Rugby Union 

 

As based on:  

Troester, J., Jasmin, J., & Duffield, R. (2019). The influence of training load on postural control and 

countermovement jump responses in rugby union. Science and Medicine in Football, DOI: 

10.1080/24733938.2019.1598621 

  

https://doi.org/10.1080/24733938.2019.1598621


117 
 

Abstract 

This study investigated responses of single-leg balance and landing and countermovement jump (CMJ) 

measures following rugby union training and the specific components of training load associated with 

impairment of such neuromuscular tests. Twenty-seven professional rugby union players performed 

CMJ, single-leg balance and landing tests on a 1000Hz force plate at the beginning and end of training 

days. Internal load measures used to describe training days were session RPE and Banister’s TRIMP. GPS 

based external load measures calculated were total distance, high-speed running distance (>5.5 m.s-1), 

average relative speed and bodyload. CMJ eccentric rate of force development (EccRFD) demonstrated 

moderate impairment post-training (ES ± 90%CL = -0.79 ± 0.29, magnitude-based inference = almost 

certainly). CMJ height (-0.21 ± 0.16, possible), concentric impulse (ConIMP) (-0.35 ± 0.17, likely) and 

single-leg balance sway velocity on the non-dominant leg (0.30 ± 0.26, possible) were also impaired. 

Regression analyses identified the strongest relationship between sRPE and impaired ConIMP (r = -0.68 

± 21, β = -0.68) whilst other load measures explained 27-50% of the variance in balance and CMJ 

changes. CMJ variables representing altered movement strategy (EccRFD and ConIMP) may be useful for 

assessing acute neuromuscular fatigue in rugby union, though single-leg balance sway velocity may be 

an alternative when maximal tests are impractical. 
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4.1 Introduction 

Rugby union is a collision-based team sport that results in substantial physical and perceptual fatigue 

from running, physical contact and the static efforts of rucks, scrums, and mauls (Duthie et al., 2003). 

Practitioners commonly utilise countermovement jump (CMJ) tests to identify impairments in force 

production and altered movement strategy to determine the extent of neuromuscular fatigue (NMF) 

and guide the planning of subsequent training and recovery (Oliver et al., 2015; Shearer et al., 2015; 

West et al., 2014). CMJ variables of height, mean power, peak power, and mean force demonstrate 

good reliability (Roe et al., 2015) and responsiveness (5-8%) following youth and professional rugby 

union matches (Oliver et al., 2015; Roe et al., 2016; Shearer et al., 2015; West et al., 2014). However, 

questions regarding the practicality of CMJ tests have arisen due to the maximal effort required and 

challenges of athlete motivation and compliance (Carling et al., 2018), particularly in collision sports 

(Clarke et al., 2015). Consequently, tests of postural control (PC) based on balance and landing have 

been proposed as NMF monitoring tools given the minimal physical cost to athletes (Clarke et al., 2015) 

and sensitivity to proprioception and sensorimotor control (Pau et al., 2016). Further, understanding the 

fine motor control elements underpinning coordination and proprioception as related to NMF may help 

guide the planning of training to reduce injury risk and optimise recovery (Paillard, 2012). 

 

Postural control is defined as the ability to maintain the center of mass in relation to the center of 

pressure and incorporates synergistic performance of the neuromuscular and sensorimotor systems 

(Paillard, 2012). Static and dynamic tests of PC are often performed on a force plate through the 

assessment of balance and landing ability, respectively. Single-leg balance performance often is assessed 

by center of pressure measures such as sway velocity (SV) (Panjan & Sarabon, 2012); whilst single-leg 

landing tests commonly identify key ground reaction force measures of relative peak force (PF), relative 
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landing impulse (IMP) and time to stabilisation (TTS) (Wikstrom et al., 2005). Reliability of these 

measures is reported across a variety of athletic and non-athletic populations (ICC = 0.65 – 0.95; CV = 6 – 

13%) as well as specific rugby union populations (ICC = 0.67 – 0.79; CV = 9 – 11%) (Birmingham, 2000; 

Troester, Jasmin, & Duffield, 2018; Wikstrom et al., 2005). 

 

Previous research also reports impaired PC following fatiguing exercise. In athletic populations, aerobic, 

anaerobic, and treadmill run to exhaustion protocols produced 15 – 47% increases in balance measures 

of SV (Fox et al., 2008; Steib et al., 2013a; Zech et al., 2012). Similarly, soccer match and Canadian 

football game simulation resulted in 27.5% increase in SV and 95% increase in sway area, respectively 

(Brito et al., 2012; Clarke et al., 2015). Single-leg landing performance assessed by TTS demonstrated 

impairment following intermittent running tests (4-10%), functional movement protocols (11%), and 

youth soccer matches (28%) (Pau et al., 2016; Steib et al., 2013a; Wikstrom et al., 2004). Whilst evidence 

exists for fatigue-induced PC impairment, further understanding of the relationship to specific 

magnitudes and types of training loads would enable practitioners to optimise training and recovery to 

manage player fatigue. 

 

Therefore, the purpose of this study was to investigate the responsiveness of PC measures of single-leg 

balance and landing to NMF, alongside traditional CMJ tests, following typical rugby union training days. 

A secondary aim was to investigate the magnitudes and types of training load that were associated with 

test decrement. It was hypothesised that single-leg balance and landing tests would exhibit NMF 

responses relevant to the magnitude of training load. 
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4.2 Methods 

Experimental Approach to the Problem 

Measures of NMF were collected on a force plate before and after six separate training days throughout 

the season due to practical limitations of data collection for all tests in a single day. Two testing dates for 

each test resulted in pre- and post-training observations for balance (n=34), landing (n=35), and CMJ 

(n=28), respectively. All testing days followed mid-week rest days and had similar training schedules 

consisting of three separate sessions; weight training, specific skills (kicking, passing, scrum, lineout) and 

team-based skills and conditioning, hereafter referred to as gym, skills, and rugby. Subjective and heart 

rate (HR) based internal training load measures as well as global positioning satellite (GPS) system based 

external load were also collected for each field-based session. Changes in PC and CMJ tests and 

relationship with load measures were examined to further understand the components of training load 

associated with respective test decrement following rugby union training. 

 

Participants 

Twenty-seven professional rugby union players (11 backs, 16 forwards) from the same Super Rugby 

team (age: 24±3 y, height: 187±7 cm, body mass: 104±12 kg, Super Rugby games: 18±20) participated in 

this study. Participants were training in the professional rugby club and had prior familiarity with all data 

collection methods as part of regular monitoring procedures. Participants were informed of the aims, 

requirements, and risks associated with the study prior to giving written informed consent. Prior to 

commencing the study, approval was granted by the University Ethics Committee (UTS HREC REF NO. 

ETH16-0626). 
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Procedures 

Tests of NMF were undertaken on a 1000 Hz force plate (9260AA6, Kistler Instruments, Winterthur, 

Switzerland) and analysed using commercially available software (SpartaTrac, Menlo Park, USA) that 

provides a select set of measures for use in applied sport settings.  Prior to testing, the force plate was 

calibrated according to manufacturer’s specifications. Pre-testing was performed at the beginning of the 

training day between 8:00-10:00am with no prior activity, and post-testing occurred within 30 minutes 

of the final training session of the day (team rugby). Gym and skills sessions were performed in the 

morning and there were 3-4 hours of recovery prior to rugby sessions in the afternoon.  

 

Postural Control 

Single-leg balance and single-leg landing tests were performed in a secluded corner of the team training 

facility and resulting data were coded for dominant (D) and non-dominant (ND) legs based on preferred 

kicking leg (Pau et al., 2014). Single-leg balance tests were performed on the hard surface of the force 

plate with shoes off, eyes closed and hands on hips. Two 20 s trials were performed on each leg. Mean 

values for total sway velocity (SV) (cm.s-1) were calculated based on the displacement of the centre of 

pressure divided by trial length. Single-leg landing tests were performed by dropping from a 30cm box 

with shoes off and hands on hips. Trials in which participants removed their hands from hips or touched 

the opposite leg were discarded. Mean values from three trials on each leg were calculated for relative 

peak landing force (PF) (N.kg-1), relative landing impulse (IMP) (N.s.kg-1), and time to stabilisation (TTS) (s) 

based on the time required for forces to equalise within 5% of baseline (Colby et al., 1999). Between day 

reliability has been previously reported for SV (CV = 9-12%), PF (CV = 12-14%), IMP (CV = 7-8%), and TTS 

(CV = 13-21%) (Troester et al., 2018). 
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CMJ 

Participants performed CMJs according to previously established methods (Nibali, Tombleson, Brady, & 

Wagner, 2015). Participants performed a standardised warm-up of dynamic mobility and plyometric 

exercises (approximately 5 min), followed by three countermovement jumps using arm swing and a self-

selected depth. Ten second rest intervals were provided between each jump, and the mean values from 

three jumps were calculated. Eccentric rate of force development (EccRFD) (N.s-1) was determined from 

the minimum and maximum forces between the point at which vertical ground reaction forces exceed 

body mass during the countermovement and the point of minimum displacement. Mean relative 

concentric force (ConMF) (N.kg-1) and relative concentric impulse (ConIMP) (N.s.kg-1) were calculated for 

the concentric portion of the jump (point of minimum displacement to take-off). Jump height (cm) was 

derived from takeoff velocity. Between day reliability has been previously reported for EccRFD (CV = 

21.3%), ConMF (CV = 2.7%), ConIMP (CV = 2.7%), and jump height (CV = 3.5%) (Nibali et al., 2015). 

 

Training Load 

Internal load measures were collected for training sessions using heart rate (HR) and session rating of 

perceived exertion (sRPE).Participants provided an RPE 15-30 min post training using the CR-10 scale 

(Borg, 1998) which was then multiplied by session duration (min) resulting in measures of sRPE Training 

Load (sRPE-TL) in arbitrary units (AU) for gym, skills, and rugby sessions. Additionally, HR was recorded 

during rugby sessions (Firstbeat, Jyvaskyla, Finland) and Banister’s training impulse (bTRIMP) was 

calculated using individual thresholds determined during maximal fitness testing (Banister, 1991). 

External load measures were collected for skills and rugby sessions using GPS units with integrated 

triaxial accelerometers (SPI-HPU - 15 Hz GPS, 16 g accelerometer) (GPSports, Canberra, Australia). GPS 

units were turned on 10 min prior to use to ensure adequate satellite connection, and worn between 
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the shoulder blades in manufacturer provided vests. Data were downloaded and analysed using Team 

AMS software (GPSports, Canberra, Australia). GPS measures of total distance (m) (TD), high-speed 

running distance (m) (HSR) (>5.5 m.s-1), average relative speed (m.min-1) (ARS) and Bodyload (AU) (BL) 

were selected to quantify external training loads.  

 

The result is a battery of training load measures to describe volume and intensity of gym, skills, and 

rugby sessions across balance landing and CMJ testing days. The sole measure for gym training is sRPE-

TLGym. The skills session is represented by sRPE-TLSkills, TDSkills, HSRSkills, ARSSkills and BLSkills. The rugby 

session is described by sRPE-TLRugby, bTRIMPRugby, TDRugby, HSRRugby, ARSRugby and BLRugby. 

 

Statistical Analyses 

Differences in load measures between testing days and pre- to post-training changes in PC and CMJ 

measures where assessed using custom spreadsheets (Hopkins, 2007) to determine effect size (ES), 90% 

confidence limits (CL), and qualitative inference of practical significance (Hopkins et al., 2009). Where 

non-uniformity of error were present data were log transformed. The threshold for smallest worthwhile 

change (SWC) was set at 0.2 x between subject standard deviation (SD), based on Cohen’s ES principle. 

Quantitative chances of increase or decrease were assessed qualitatively as follows: <1%, almost 

certainly not; 1-5%, very unlikely; 5-25%, unlikely; 25-75%, possible; 75-95%, likely; 95-99, very likely; 

>99%, almost certain. If the chance of increase and decrease were both > 5%, the true effect was 

assessed as unclear (Hopkins et al., 2009). Effect sizes were further evaluated as trivial (0 – 0.19), small 

(0.20 – 0.59), medium (0.60 – 1.19) and large (1.20 and greater) (Hopkins et al., 2009).  
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Stepwise multiple-regression analyses were used to investigate the relationship of internal and external 

load variables to variance (individual percent change) of single-leg balance, single-leg landing, and CMJ 

variables. Partial correlations and standardised coefficients with 95% CL, and level of significance for 

training load predictors of performance test variance were reported. Highly correlated predictor 

variables were removed from the model based on collinearity tolerance statistics whereby values < 0.10 

indicate unacceptable collinearity. All regression analyses were conducted using SPSS software (SPSS v 

23.0, IBM Corp, Chicago, IL). Statistical significance was set at p ≤ 0.05. 

 

4.3 Results 

The details of training load for balance, landing, and CMJ testing days are presented in Table 4.1 As a 

summary of results, there were trivial differences between testing days for total sRPE-TL and total 

distance. Balance testing days represented the highest rugby loads, but the lightest gym and skills loads. 

Landing testing days represented the lowest rugby loads, but the highest gym and skills loads. CMJ 

testing days represented moderate gym, skills, and rugby loads. 
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Table 4.1 – Mean ± SD for training load measures on single-leg balance, single-leg landing and CMJ 
training days 

 Balance Landing CMJ 

sRPE-TLGym (AU) 231 ± 148 288 ± 164 280 ± 167 

 

sRPE-TLSkills (AU) 

 

198 ± 154 

 

218 ± 129 

 

227 ± 152 

DistanceSkills (m) 1220 ± 745 1328 ± 707 1269 ± 921 

HSRSkills (m) 25 ± 37 30 ± 40 33 ± 65 

Relative SpeedSkills (m.min-1) 29 ± 14*# 37 ± 21* 33 ± 16# 

BodyloadSkills (AU) 17 ± 14# 21 ± 15 27 ± 22# 

 

sRPE-TLRugby (AU) 

 

520 ± 214*# 

 

635 ± 168* 

 

550 ± 235# 

bTRIMPRugby (AU) 151 ± 79 154 ± 53 162 ± 62 

DistanceRugby (m) 5379 ± 1937* 4411 ± 688* 4647 ± 1103 

HSRRugby (m) 620 ± 423* 289 ± 131* 507 ± 341# 

Relative SpeedRugby (m.min-1) 98 ± 17*# 81 ± 8*^ 91 ± 14#^ 

BodyloadRugby (AU) 137 ± 57*# 103 ± 37* 106 ± 56# 

sRPE-TL = Training Load (RPE x duration); bTRIMP = Banister’s Heart Rate based Training Impulse; HSR = 
High Speed Running distance. 

 * = inference of likely difference between balance and landing load; # = inference of likely difference 
between balance and CMJ load; ^ = inference of likely difference between landing and CMJ load. 
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Balance 

Results indicate a possibly small increase (6.2%) in sway velocity on the non-dominant leg (SV-ND), 

indicating impaired performance (Table 4.2). However, a likely trivial change (0.4%) was evident on the 

dominant leg. Regression analysis (Table 4.3) revealed that variance in SV-ND (R² = .496, F(5,26) = 5.12, p 

= 0.01) could be explained by sRPE-TLGym, bTRIMPRugby, HSRSkills, ARSSkills, and TDRugby (y = 38.97 + .72 sRPE-

TLGym - 1.09 bTRIMPRugby - .64 HSRSkills + .69 ARSSkills + .92 TDRugby). The collinearity statistics for this model 

were acceptable with tolerance levels at 0.31, 0.10, 0.31, 0.31, 0.13 for respective variables. 

 

Landing 

A likely small decrease (10.4%) of time to stabilisation on the dominant leg (TTS-D) indicates improved 

performance (Table 2) whilst the decrease of TTS on the non-dominant leg (TTS-ND) was likely trivial 

(1.7%). Furthermore, all other landing variables of rPF and rIMP on either leg were trivial (0.8 – 2.2%). 

Regression analyses revealed no significant predictors for changes in landing variables, and as a result 

are not presented in Table 4.3. 
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Table 4.2 – Pre- and post- mean ± SD, effect size (± 90% CL), and qualitative inferences for changes in 
single-leg balance, single-leg landing, and CMJ performance 

  
Pre 

 
Post 

ES 
 (± 90% CL) 

Qualitative 
Inference 

Balance     

SV – D (cm.s-1) 8.18 ± 1.56 8.17 ± 1.33 -0.01 ± 0.20 Likely Trivial 

SV – ND (cm.s-1) 7.85 ± 1.56 8.33 ± 1.51 0.30 ± 0.26 Possibly Small 

Landing     

PF – D (N.kg-1) 3.37 ± 0.63 3.42 ± 0.51 0.07 ± 0.20 Likely Trivial 

PF – ND (N.kg-1) 3.28 ± 0.56 3.25 ± 0.52 -0.06 ± 0.24 Likely Trivial 

IMP – D (N.s.kg-1) 1.36 ± 0.19 1.39 ± 0.17 0.14 ± 0.22 Possibly Trivial 

IMP – ND (N.s.kg-1) 1.34 ± 0.17 1.32 ± .18 -0.12 ± 0.22 Possibly Trivial 

TTS – D (s) 0.46 ± 0.09 0.41 ± 008 -0.51 ± 0.31 Likely Small 

TTS – ND (s) 0.44 ± 0.10 0.44 ± 0.09 -0.09 ± 0.23 Likely Trivial 

CMJ     

Jump Height (cm) 47.81 ± 7.46 46.26 ± 7.93 -0.21 ± 0.16 Possibly Small 

EccRFD (N.s-1) 6447 ± 1658 5136 ± 1506 -0.79 ± 0.29 Almost Certainly 

Moderate 

ConMF (N.Kg-1) 19.67 ± 1.44 19.69 ± 1.56 0.01 ± 0.19 Likely Trivial 

ConIMP (N.s.Kg-1) 6.11 ± 0.29 6.01 ± 0.33 -0.35 ± 0.17 Likely Small 

SV = sway velocity; PF = relative Peak Force; IMP = relative Impulse; TTS = Time to Stabilization; EccRFD = 
Eccentric Rate of Force Development; ConMF = Concentric Mean Force; ConIMP = Concentric Impulse; D 
= dominant leg; ND = non-dominant leg; ES = Effect size; CL = Confidence limits 
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Table 4.3 – Partial correlations (± 95% CL), standardised coefficients (β), and level of significance (p) for 
training load predictors of variance (% change) in single-leg balance, and CMJ variables 

 Partial Correlation 
 ± 95% CL 

β P 

Sway Velocity – ND    

sRPE-TLGym (AU) 0.49 ± 0.26 0.72 .008* 

bTRIMPRugby (AU) -0.44 ± 0.28 -1.09 .021* 

HSRSkills (m) -0.47 ± 0.27 -0.64 .017* 

Relative SpeedSkills (m.min-1) 0.48 ± 0.27 0.69 .001* 

DistanceRugby (m) 0.42 ± 0.28 0.92 .027* 

Jump Height    

BodyloadSkills (AU) 0.39 ± 0.32 0.39 .049* 

BodyloadRugby (AU) -0.55 ± 0.27 -0.61 .004* 

EccRFD    

Relative SpeedRugby (m.min-1) 0.44 ± 0.31 0.60 .024* 

BodyloadRugby (AU) -0.51 ± 0.29 -0.74 .007* 

ConIMP    

sRPE-TLRugby (AU) -0.68 ± 0.21 -0.68 .001* 

sRPE-TL = Training Load (RPE x duration); bTRIMP = Banister’s Heart Rate based Training Impulse; HSR = 
High Speed Running distance; EccRFD = Eccentric Rate of Force Development; ConIMP = Concentric 
Impulse; ND = non-dominant leg; CL = confidence limits; * indicates significance (p < 0.05) 
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CMJ 

CMJ height demonstrated a possibly small decrease (3.6%), EccRFD was almost certainly moderately 

decreased (22.7%), changes in ConMF were likely trivial (0.1%), and ConIMP demonstrated a likely small 

decrease (1.7%) (Table 4.2). Regression analysis (Table 4.3) revealed that variance in jump height (R² = 

.309, F(2,24) = 5.38, p = 0.01) could be explained by BLSkills, and BLRugby (y = 2.91 + .39 BLSkills – .61 BLRugby). 

The collinearity statistics for this model were acceptable with tolerance levels for each variable at 0.8. 

Likewise, variance in EccRFD (R² = .268, F(2,24) = 4.40, p = 0.02) could be explained by ARSRugby and 

BLRugby (y = -75.06 +.60 ARSRugby –  .74 BLRugby). The collinearity statistics for this model were acceptable 

with tolerance levels for each variable at .48. Finally, variance in ConIMP (R² = .462, F(1,25) = 21.47, p = 

0.01) could be explained by sRPE-TLRugby alone (y = 2.29 - .68 sRPE-TLRugby).  

 

4.4 Discussion 

The purpose of this investigation was to identify the acute response of NMF tests of CMJ, single-leg 

balance and landing to rugby union training and to identify the components of training load associated 

with impairment. CMJ EccRFD and ConIMP demonstrated the greatest impairment following rugby 

training whilst balance measures of SV-ND were impaired more than traditional measures of CMJ height. 

Of note, trivial changes were evident in most single-leg landing measures, though an improvement in 

TTS on the dominant leg was observed post-training. Despite a large range of uncertainty, load 

measures of BLRugby and sRPERugby demonstrate the largest association to CMJ impairment and could be 

considered for TL manipulation to manage player fatigue. CMJ force-time variables of EccRFD and 

ConIMP that may describe altered CMJ strategy demonstrate the largest impairment following a rugby 

union training day. However, when maximal testing is inappropriate, single-leg balance sway velocity 

may be a suitable alternative to traditional CMJ height testing. 
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Balance 

Impaired balance on the non-dominant leg (6.2%) observed in the current investigation supports 

research demonstrating 5 – 35% decrements following fatigue-inducing protocols ranging from 2 min 

anaerobic sprint intervals (Fox et al., 2008) to 90 min soccer matches (Brito et al., 2012). Of note, 

changes in the current study are lower than the reported variability (CV = 9-12%) (Troester et al., 2018); 

however, the possibly small changes may represent a bias toward impaired performance post-training. 

Although balance measures represent a static task, ankle musculature is reported as the biomechanical 

limiting factor to locomotor activities (particularly running  and sprinting), given the greater relative 

effort compared to knee extensor musculature (Kulmala et al., 2016) and represents the weakest link in 

this kinetic chain. Given the acute post-training responses noted here, single-leg non-dominant 

measures of balance may present a possible measure of NMF with the added benefit of less physical 

effort than landing and CMJ tests. 

 

The impairment of SV-ND post training can be best explained (R² = 0.496) by decreased sRPE-TLGym, 

ARSSkills and TDRugby and increased HSRSkills and bTRIMPRugby. Such loads may represent high-intensity 

efforts within training, such as tackling, grappling, and ruck involvements that normally result in less 

distance but high internal strain (ie increased HR) (Dubois et al., 2017). Clarke et al. (2015) 

demonstrated similar impairment of postural sway and CMJ following intermittent high-intensity efforts 

of a Canadian Football game simulation, although relationship to load measures was not an aim of that 

study. Regardless, the current results suggest that with all other variables being equal, a 1 SD increase in 

bTRIMPRugby (79 AU) would yield a 1.09 SD impairment (18%; 1.48 cm.s-1) in SV-ND. Accordingly, single-
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leg balance on the non-dominant leg may be related to fatigue driven by high-intensity efforts 

represented by increased HSRSkills and bTRIMPRugby. 

 

Landing 

Post-training measures of TTS improved on the dominant leg (10.4%), whilst changes on the non-

dominant leg  were minimal. This contrasts with existing research demonstrating increased TTS, and 

thus impaired PC following treadmill running (Steib et al., 2013a), functional movement protocols 

(Brazen et al., 2010; Wikstrom et al., 2004), and a 35 min soccer match (Pau et al., 2016). The improved 

dominant leg TTS could indicate a potentiating effect from training or a post-test practice effect, 

however results should be considered in relation to previously reported variablity (CV = 21%) on the 

dominant leg (Troester et al., 2018). Also of note are the differences in load during the landing testing 

days in which rugby sessions had the highest sRPE-TL, but likely lower HSR and ARS compared to balance 

and CMJ training days. Regression analysis did not reveal any relationships between load measures and 

improved landing, suggesting that high sRPE-TL was driven by elements other than the load measures 

included in this study which may have impacted central and peripheral mechanisms that affect landing 

performance. 

 

The trivial changes identified for rPF and rIMP in the current study also contrast existing research. Some 

authors suggest that rPF increases post-fatigue due to alterations in landing strategy that favour reliance 

on passive structures (ligaments and joint capsule) rather than musculature for shock absorption 

(Brazen et al., 2010; Wikstrom et al., 2004). Alternatively, the majority of studies report decreased PF 

and IMP post-fatigue, indicating lag time in muscle contraction that diminishes force absorption and 

stability (Augustsson et al., 2006; Coventry et al., 2006; Santamaria & Webster, 2010; Zadpoor & 
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Nikooyan, 2012). The improvement of TTS-D in the current study, alongside mixed findings for PF and 

IMP in previous research may suggest some variability in the response of single-leg landing measures to 

different types of load which make the interpretation of post-fatigue landing performance challenging. 

 

CMJ 

CMJ performance demonstrated the largest post-training impairments in EccRFD (ES = -0.79) and 

ConIMP (ES = -0.35). Current impairments in CMJ height (ES = -0.21; -3.6%) support existing research 

describing 5 - 7.5% decreases in jump height following rugby union matches and training (Johnston et 

al., 2016; Johnston et al., 2017; Kennedy & Drake, 2017; West et al., 2014). The CMJ measures used in 

this study represent those available through commercial force plate testing software (SpartaTrac, Menlo 

Park, CA) and are not commonly reported in the literature. However, Gathercole et al. (2015) observed 

smaller decreases in RFD (ES = -0.30) and increases in eccentric duration (ES = 0.29). Impairment of 

EccRFD and ConIMP variables in the current investigation may support conclusions of altered movement 

strategy in response to NMF (Cormack et al., 2008; Gathercole et al., 2015) and support existing 

research on the use duration-based GRF variables for identification of NMF in rugby union. 

 

The post-training decreases in CMJ variables can best be explained (R² = 0.268 - 0.462) by measures of 

BLSkills, BLRugby, ARSRugby, and sRPE-TLRugby. Positive correlations with BLSkills and ARSRugby and negative 

correltations with BLRugby and sRPE-TLRugby may suggests CMJ impairment is more related to change of 

direction, contact, and static exertion than absolute running intensity. As an example, stardised 

coefficients suggest that all other variables being equal, a 1 SD increase in sRPE-TLRugby (235 AU) would 

yield a 0.68 SD impairment in ConIMP (1.7%; 0.1 N.s·kg-1). Reduced CMJ height, EccRFD, and ConIMP 

here support existing research on the response of CMJ and movement strategy to NMF (Cormack et al., 
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2008; Gathercole et al., 2015) which may resulting from rugby sessions emphasizing change of direction 

and static efforts that drive HR despite lower ARS. 

 

Several limitations of the current investigation warrant mentioning. Due to practical limitations, data 

collection was performed across six different training days resulting in different loads for each day. 

Though regression analysis accounts for the influence of a range of loading parameters across subjects 

and testing days, any comparisons should be treated with caution. Secondly, the collinearity of load 

measures has been dealt with by applying tollerance limits to the regression analysis, however such 

measures within a session are often highly interrelated and interpretation of the impact of a change in 

one measure apart from related changes in other measures may be impractical. Finally, post-testing was 

performed 15-30 minutes post-training when evidence of impaired PC exists (Pau et al., 2016) and 

various levels of recovery may have existed between athletes, though individual fatgiue responses are 

beyond the scope of this investigation. 

 

4.5 Conclusions 

CMJ measures of EccRFD and ConIMP demonstrated the largest impairment post-training suggesting 

altered movement strategy. Single-leg balance SV-ND demonstrated greater sensitivity to post-training 

fatigue than traditional measurse of CMJ height. Bodyload, sRPE-TL and bTRIMP may be the main 

contributing factors to CMJ and balance impairment. Practitioners may use this information to guide the 

planning of training and recovery. Whilst CMJ remains a valuable measure of NMF, single-leg balance 

measures of SV could provide an alternative in situations where maximal jump testing is impractical. 
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CHAPTER 5 

STUDY 3 
Postural Control Responses to Different Acute and Chronic Training Load 

Profiles in Professional Rugby Union 

 

As based on:  

Troester, J. & Duffield, R. (In Press). Postural control responses to different acute and chronic 

accumulated training load profiles in professional rugby union. Journal of Strength and Conditioning 

Research. 
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ABSTRACT 

The current investigation identified the response of postural control measures of single-leg balance and 

landing to different accumulated training load profiles representing normal, higher, and spiked loads. 

Twenty-two professional rugby union players performed single-leg balance and landing tests on a 

1000Hz force plate on the first training day of 24 weeks across the season following 36 h recovery. 

Internal (sRPE-TL) and external (total and high-speed running distance) load measures were monitored 

during all training sessions and matches. Calculations of acute (7-day rolling average), chronic (28-day 

rolling average), and acute to chronic workload ratio were determined. Three-week load profiles were 

identified that represented normal, spike, and higher load profiles to determine the effect on postural 

control, which were analyzed using two-way repeated measures ANOVA. A significant effect of load 

profile on landing impulse on the dominant (p=0.005) and non-dominant legs (p=0.001) was identified, 

with significantly greater impulse measures in the spike and higher load profiles (p=0.001-0.041) 

compared to the normal load profile. Significant load profile x week interactions (p<0.05) were identified 

for landing peak force on the dominant leg and impulse on both legs suggesting a decrement during the 

spike load profile and increased impulse in the higher load profile. No effects (p>0.05) were identified 

for load profile changes in single-leg balance sway velocity or single-leg landing time to stabilization. The 

respective landing responses may indicate altered movement strategies under spike and higher load 

profiles resulting from neuromuscular fatigue in response to the accumulated load. 
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5.1 Introduction 

Professional rugby union is a high-intensity sport, requiring repeated bouts of high-intensity running, 

collisions, and static combative efforts which result in the accumulation of neuromuscular fatigue (NMF) 

(West et al., 2014). Monitoring NMF in applied sport settings requires tools that are cost effective, time-

efficient, non-aversive to players, and that provide immediate feedback to guide decision making 

(Starling & Lambert, 2018). The responsiveness of NMF measures to the acute and chronic accumulated 

loads encountered by players across a professional rugby union season is rarely reported yet is often 

deemed important for performance and injury risk (Cross et al., 2016). For example, Roe et al. (2017) 

report greater responsiveness of weekly countermovement jump (CMJ) peak and mean power 

compared to cycle ergometer peak power during a six-week training block. Further, reports of impaired 

CMJ during periods of overreaching in female rugby sevens players (Gathercole et al., 2015) also 

highlight that accumulated load may result in changes in measures used to infer the existence of NMF. 

While such reports suggest the possibility of impaired neuromuscular function in relation to explicit 

overloading, no studies have reported the effects of differing patterns of load accumulation profiles (i.e. 

normal, spike, or higher loads) on any measures of NMF. In part, this may be due to the difficulty of 

obtaining consistent field-based measures of NMF during such periods of overload and fatigue. 

Accordingly, some authors have proposed novel tests of postural control (PC) as measures of NMF, 

however the effects of accumulated load on such tests remain unknown (Clarke et al., 2015; Pau et al., 

2016). 

 

 While countermovement jump (CMJ) tests are frequently used in applied sport settings as a measure of 

NMF (Taylor et al., 2012), some have challenged their regular in-season usefulness in collision sports due 

to the required maximal physical effort and motivation (Austruy, 2016). This maximal nature may, in 
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turn, compromise athlete compliance and the consistency of data collection to inform NMF in response 

to accumulated loads (Austruy, 2016). As such, novel postural control (PC) tests of single-leg balance and 

landing have been proposed for monitoring NMF as they may require less exertion and motivation than 

maximal CMJ tests (Austruy, 2016; Clarke et al., 2015). Further, PC related tests may also be sensitive to 

impairment of fine motor control and proprioception, elements not captured in maximal power 

movements (Austruy, 2016; Clarke et al., 2015). As evidence of their validity for measuring NMF, 

measures of single-leg balance (Effect Size [ES]=0.76-1.68) and landing (ES=0.33-0.71) demonstrate 

impairment immediately following a soccer match (Pau et al., 2016; Zemkova, 2009), Canadian gridiron 

football game simulation (Clarke et al., 2015), and functional fatigue protocols (Brazen et al., 2010). 

Furthermore, reliability of single-leg balance sway velocity (ICC=.75-.79; CV=9-12%), single-leg landing 

peak force (ICC=.69-.72; CV=12-13%), impulse (ICC=.64-.68; CV=7-8%), and time to stabilization (ICC=.28-

.60; CV=13-21%) measures have been established in a professional rugby union population allowing 

practitioners to understand thresholds for meaningful change (Troester et al., 2018).  

 

The impaired responses of PC tests to high acute loads as representative of NMF is well reported 

following functional and sport-specific fatigue protocols (Augustsson et al., 2006; Clarke et al., 2015; 

Madigan & Pidcoe, 2003; Pau et al., 2016; Zemkova, 2009). However, the responsiveness of PC tests to 

varying accumulated loads present in most successful athlete training programs is lacking. While there 

are reports of impaired CMJ measures (representing NMF) as a result of accumulated load following 

periods of overreaching in rugby league, AFL, rugby union, and endurance sports (Cormack et al., 2008; 

Coutts et al., 2007a; Coutts et al., 2007b; Gathercole et al., 2015), no such evidence exists for PC 

measures. Understanding the responsiveness of NMF measures to varying load profiles is important 

given the recent focus on athlete monitoring and accumulated load (Gabbett, 2016). Thus, an 

ecologically valid athlete monitoring tool must account for the influence of acute and chronic load as 
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well as the profile of the load accumulation to aid interpretation. While the previously mentioned 

studies provide some insight into the acute response of PC measures to fatigue (Clarke et al., 2015; Pau 

et al., 2016; Zemkova, 2009), the effects of acute, chronic, and spiked loads on PC measures are 

unknown. Therefore, the purpose of this investigation was to evaluate the response of single-leg 

balance and landing performance to accumulated load profiles representing normal loads, high chronic 

loads, and spikes in acute load. Such a determination may inform practitioners of the suitability of such 

tests for monitoring impaired PC and accumulated NMF to guide the planning of training. 

 

5.2 Methods 

Experimental Approach to the Problem 

Single-leg balance and landing tests were performed on the morning of the first training day of each 

week following at least 36 h rest (48.6 ± 12.3 h; range = 36 – 60) for 24 weeks throughout a professional 

rugby union season. Concurrently, internal load was measured using session rating of perceived exertion 

(sRPE) and external loads were measured using wearable global positioning satellite (GPS) units for all 

training and matches. As outlined later in the methods, normal, spike, and higher load profiles were 

retrospectively identified over respective 3-week periods for the purpose of investigating PC responses 

to these accumulated load profiles. A within-subject repeated measures design was used to compare PC 

performance between load profiles as well as between weeks within each load profile to determine the 

response of PC to accumulated load. 
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Participants 

Twenty-two male professional rugby union players (8 backs, 14 forwards, age: 26 ± 3 y, height: 190 ± 8 

cm, mass: 107 ± 18 kg, Super Rugby experience: 57 ± 32 games) participated in this study. All 

participants were free from injury and participating in full training which generally consisted of 3 

strength sessions, 3 team rugby sessions, one position-specific skill session, and one match per week, 

though some small variation occurred due to alterations in the competition schedule. All data collection 

methods were part of normal monitoring practices at the club and participants had at least 3 weeks of 

prior familiarity before the commencement of the study. Participants were informed of the risks and 

benefits of the study prior to any data collection and then signed the institutionally approved informed 

consent document (UTS HREC REF NO. ETH16-0626). 

 

Procedures 

Training Load 

Internal load was measured for all training sessions using the sRPE method in which participants provide 

a subjective CR-10 scale RPE 15-30 min post-training/match (Borg et al., 1987). RPE was then multiplied 

by session duration to quantify sRPE training load (sRPE-TL) in arbitrary units (AU) and loads from all on 

and off-field sessions were added each day, resulting in cumulative daily load (Foster et al., 2001). 

External load was measured for all on-field training sessions using individual GPS units (SPI-HPU – 15 Hz) 

(GPSports, Canberra, Australia) worn in manufacturer-provided vests (Vickery et al., 2014). GPS units 

were turned on 10 min prior to ensure satellite connection and each athlete wore the same allocated 

unit for each session. Data were downloaded and analyzed using Team AMS software (GPSports, 

Canberra, Australia). Measures of total distance (m) (TD) and high-speed running distance (>5.5 m·s-1) 

(m) (HSR) were collected for all on-field training sessions, resulting in cumulative daily TD and HSR. Such 
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devices have demonstrated acceptable reliability (Vickery et al., 2014) and measures of TD and HSR are 

most commonly used to measure and describe movement loads in Rugby union (Bradley et al., 2015). 

 

The distribution of accumulated training load was assessed by defining the acute load as the mean daily 

load across the previous seven days prior to the PC tests, while the chronic load was defined as the 

mean daily load over the previous 28 days. The acute to chronic workload ratio (ACWR) was defined as 

the acute load (7-day average) divided by the chronic load (28-day average) (Gabbett, 2016). Despite 

recent debate on the validity of ACWR as related to injury causation versus association, here it is merely 

used as a descriptive quantification of an abrupt increase in load.  Thus no suggestion of the usefulness 

of ACWR for association or prediction of injury is inherent in this study given its current state of debate 

in the literature (Hulin & Gabbett, 2019). Individual load measures were collated and weekly mean and 

weekly z-score (current week’s mean – season weekly mean / SD of season weekly mean) were 

calculated. Group mean and z-score for load measures were mapped across the season and the initial 

three weeks were removed for athlete familiarization and training adaptation. The highest consecutive 

three weeks were identified as a higher load profile. Three consecutive weeks with the least week to 

week change and z-scores nearest to 0 were identified as a normal load profile. Three consecutive 

weeks with the largest week-to-week increases were identified as the spike load profile.  

 

Postural Control 

Postural control measures of single-leg balance and landing were collected on a 1000 Hz (9260AA6, 

Kistler Instruments, Winterthur, Switzerland) force plate and data were processed using commercially 

available software (SpartaTrac, Menlo Park, USA). Data collection occurred between 8:00-10:00am on 

the first training day of the week with no prior activity. Testing was performed in a secluded corner of 
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the training facility and athletes wore team-provided training apparel with shoes removed. Data were 

coded for dominant (D) and non-dominant (ND) leg, based on the preferred kicking leg. 

 

Single-leg balance was assessed while participants stood on one leg with eyes closed and hands on hips. 

Two 20s trials were performed on each leg in alternating fashion, starting with the right leg. Trials were 

discarded and repeated where participants lost balance, removed hands from hips, or touched the non-

stance leg off the force plate. Measures of sway velocity (SV) were calculated by dividing total 

displacement (cm) of the center of pressure (COP) by the duration of the trial (s). The mean of two trials 

on each leg yielded measures of sway velocity (cm·s¯¹) on the dominant (SV-D) and non-dominant (SV-

ND) legs. The reliability of single-leg balance methods has been previously reported for SV-ND (CV=12%) 

and SV-D (CV=9%) (Troester et al., 2018). 

 

Single-leg landing was assessed following a double leg jump from 1m from the center of the force plate. 

Participants were instructed to jump as high as possible and stick and hold the landing on one leg. Three 

trials were performed on each leg in alternating fashion, starting with the right leg. Trials were discarded 

and repeated if the landing foot moved after contact with the force plate or if the opposite foot touched 

down. Measures were produced for relative peak landing force (N·kg¯¹), relative landing impulse 

(N·s·kg¯¹) across 200ms post-contact (Madigan & Pidcoe, 2003), and time to stabilization (s) (force 

equalized within 5% of baseline) (Colby et al., 1999). The mean of three trials on dominant and non-

dominant legs yielded measures of peak force (PF-D, PF-ND), impulse (IMP-D, IMP-ND), and time to 

stabilization (TTS-D, TTS-ND). The reliability of single-leg landing methods has been previously reported 

for PF-ND (CV=14%), PF-D (CV=12%), IMP-ND (CV=8%), IMP-D (CV=7%), TTS-ND (CV=13%), and TTS-D 

(CV= 21%) (Troester et al., 2018). 
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Statistical Analyses 

To determine the differences in PC measures within and between accumulated load profiles, general 

linear models were used with post-hoc tests to differentiate when load differed between weeks. 

Differences in training load and PC measures were compared between profiles using a 2-way (profile x 

time) ANOVA with repeated measures. The Shapiro-Wilk test and Mauchly’s test of sphericity were used 

to check data for normality and where the Mauchly’s test was significant (p <0.05) epsilon values <0.75 

dictated the use of a Greenhouse-Geisser correction while values >0.75 dictated the use of the Huynh-

Feldt correction. Where significant effects were detected, a Bonferroni’s post hoc test was used to 

detect differences between load profiles while one-way ANOVA were used to determine differences 

between weeks within load profiles with Cohen’s d ES and 95% confidence intervals (CI) used to express 

the magnitude of difference. Descriptive data are expressed as mean ± SD and analysis was performed 

using SPSS statistics software version 22 (Chicago, IL) with significance set at p < 0.05. Significance was 

set at p < 0.05. 

 

5.3 Results 

Training Load 

Training load measures across the three weeks of the three different load profiles are presented in 

Figure 5.1. Two-way repeated measures ANOVA revealed significant effects for load profile and weeks (p 

= 0.001 – 0.035; η² = 0.10 – 0.78) for all load measures, as well as significant interactions between load 

profile and weeks (p = 0.001-0.018; η² = 0.11 – 0.60) for all measures except 28 Day TD (p = 0.16; η² = 

0.05). Further analysis revealed that acute loads (7-days) were greater in the higher load profile than the 
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normal load profile for sRPE-TL (p = 0.001; ES = 0.73±0.22), TD (p = 0.001; ES = 0.89±0.24), and HSR (p = 

0.001; ES = 0.96±0.26). In the spike load profile, acute load increased across all weeks for sRPE-TL and TD 

(p = 0.001; ES = 0.76-1.27) and in week 3 for HSR (p = 0.001; ES = 1.63±0.32).  

 

Chronic loads (28 days) in the higher load profile were significantly greater than normal and spike 

profiles for sRPE-TL, TD, and HSR (p = 0.001; ES = 1.03±0.25) while chronic TD in the normal load profile 

was greater than the spike profile (p = 0.04; ES= 0.68±0.21). Chronic loads were not significantly 

different across weeks within load profiles (p > 0.05) except for an increase in sRPE-TL in week 2 in the 

higher load profile (p = 0.001; ES = 0.54±0.28) and in week 3 for the spike load profile (p = 0.001; ES = 

0.61±0.26).  

 

ACWR for sRPE-TL, TD, and HSR were significantly greater in the spike load profile than normal and 

higher load profiles (p = 0.001-0.013; ES = 1.24-1.66) with significant increases across all weeks for sRPE-

TL and TD (p = 0.001-0.022; ES = 0.68-1.53) and a significant increase in week 3 for HSR (p = 0.001; ES = 

1.42±0.36).  
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Figure 5.1 - Mean ± SD for acute sRPE-TL, TD, HSR (A,B,C), chronic sRPE-TL, TD, HSR (D,E,F) and acute to 

chronic workload ratios (ACWR) for sRPE-TL, TD, HSR ratio (G,H,I) under normal, spike, and higher load 

profiles. 

† denotes significant effect compared to spike load profile (p < 0.05) 

# denotes significant effect compared to higher load profile (p < 0.05) 

* denotes significant difference between weeks within spike load profile (p < 0.05) 

Ϟ denotes significant difference between weeks within higher load profile (p < 0.05) 
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Postural Control 

Mean and SD for PC measures for three different load profiles across three weeks are presented in 

Figure 5.2. Significant effects of load profile on IMP-ND (p = .005; η² = .33) and IMP-D (p = .001; η² = .31) 

were evident, with significantly lower values for IMP-ND and IMP-D under normal load profiles than 

spike (p = 0.004; ES = 0.21±0.12 and p = 0.041; ES = 0.28±0.23, respectively) and higher (p = 0.006; ES = 

0.26±0.14  and p = 0.001; ES = 0.20±0.10, respectively) profiles. Significant load profile x week 

interactions were identified for PF-ND (p = .004; η² = .11), IMP-ND (p = .001; η² = .23), and IMP-D (p = 

.01; η² = .10). Post-hoc analysis revealed that for all three measures, values decreased across weeks in 

the spike load profile, while increased across weeks in the higher load profile and were not significantly 

changed in the normal load profile (p > 0.05). Of note, no significant effects or interactions were 

observed for SL balance SV (p > 0.05) for within or between profile changes.   
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Figure 5.2 - Mean ± SD for postural control measures on the non-dominant (ND) and dominant (D) legs 

for single-leg balance sway velocity (SV) (A), single-leg landing relative peak force (PF) (B), relative impulse 

(IMP) (C) and time to stabilization (TTS) (D) under normal, spike, and higher load profiles. 

† denotes significant effect compared to normal load profile (p < 0.05) 

$ denotes significant load profile by weeks interaction (p < 0.05) 
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5.4 Discussion 

During a professional rugby union season, three distinct load profiles representing normal, spike, and 

higher accumulated loads were identified. These differing profiles resulted in increased single-leg 

landing measures of IMP and PF in higher and spike load profiles, but no significant effects for stability 

measures of single-leg balance SV or single-leg landing TTS. While speculative, the significant load profile 

by week interactions for impulse may indicate the development of divergent landing strategies during 

the higher and spiked load profiles. In particular, decreased impulse across weeks in the spike load 

profile may represent a symptom of maladaptation to this load profile, while increased impulse 

measures in the higher load profile may represent tolerance of the higher chronic loads. 

 

Despite previous evidence of acute post-exercise impairment of single-leg landing IMP and PF (Brazen et 

al., 2010; Madigan & Pidcoe, 2003; Pau et al., 2016), such studies lack description of ongoing 

accumulated load profiles evident in ecologically valid training programs in applied sport settings (Cross 

et al., 2016). In our study, we found IMP on both legs was greater in the spike and higher load profiles 

compared to the normal load profile with a progressive decrease in IMP with spikes in accumulated load 

and progressively increasing IMP in the higher load profile. Reports of lag time in anticipatory muscle 

activation and altered landing strategy that utilizes greater relative contribution of the hip and trunk to 

absorb landing forces under fatigue could explain the decreasing trend of landing IMP in the spike load 

profile (Coventry et al., 2006). Conversely, increasing IMP in the higher load profile may indicate 

increased stiffness (James et al., 2010) resulting from adaptation to high acute and chronic loads across 

repeated weeks of exposure (Spurrs, Murphy, & Watsford, 2003). This may be supported by reports of 

adaptation to accumulated plyometric loads as evidenced by improved running economy and increased 

musculotendinous stiffness following 6 weeks of plyometric training (Spurrs et al., 2003). Consequently, 
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the increase of IMP in the higher load profile could represent a stiffer landing strategy, while the 

decreasing trend in the spike load profile could represent a negative adaptation to load, representative 

of accumulated NMF (Gabbett, 2016). Given the interest in the role of accumulated load on fatigue and 

preparation (Gathercole et al., 2015), this study provides insight into altered landing strategies 

employed with different 3-weekly accumulated load profiles (Coventry et al., 2006). 

 

Similar to landing, there is evidence of the acute post-exercise response of balance measures to indicate 

fatigue (Clarke et al., 2015; Pau et al., 2014), but no evidence for the responsiveness of balance 

measures to different accumulated load profiles. The current results suggest that SV was not responsive 

to different accumulated load profiles. Previous research demonstrates the response of balance 

measures to various types and magnitudes of load including small to moderate (ES = 0.25-0.75) 

impairment of SV immediately following a soccer match, Canadian football game simulation, and 

treadmill running protocols (Clarke et al., 2015; Pau et al., 2016; Steib et al., 2013a). The lack of 

differences revealed in the current investigation, alongside previous evidence for the relatively short 

recovery time (3min – 36h) (Clarke et al., 2015; Fox et al., 2008) may mean that single-leg balance may 

not respond to accumulated load. While the dynamic landing tasks in the current investigation showed  

responsiveness to different load profiles, static balance tasks may not be dynamic and complex enough 

PC tasks to differentiate varying accumulated load profiles (Zemkova, 2009).  

 

Despite the novel findings regarding landing and balance PC responses to differing load profiles, several 

limitations of the current study must be considered. Data are the result of weekly monitoring in a 

competitive team setting and while distinct load profiles were identified, training and recovery were 

focused on optimizing athlete fitness, and performance and deliberate periods of overreaching were not 
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assessed. Further, numerous mediating factors such as aerobic fitness and injury history that affect 

tolerance to accumulated load are highly individual (Windt et al., 2017). While this study investigated 

group fluctuations in PC under different load profiles, the individual response and potential mediating 

factors of tolerance to accumulated load require further investigation.  

 

5.5 Practical Applications 

Single-leg landing measures of impulse may differ under spike and higher load profiles when compared 

to normal load profiles and may represent altered landing strategies in response to such accumulated 

load profiles. Alterations in landing strategy may relate to maladaptation or increased tolerance to high 

ACWR and high accumulated loads, respectively. Single-leg balance measures did not demonstrate 

significant differences suggesting that more dynamic and complex PC tasks may be more sensitive to 

accumulated load. Understanding the responsiveness of PC measures to accumulates load profiles 

provides practitioners with necessary insight into the potential application of such measures for ongoing 

fatigue monitoring in applied sport settings. 
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CHAPTER 6 

STUDY 4 
Monitoring Residual 36h Post-match Neuromuscular Fatigue in Rugby 

Union; A role for Postural Control? 

 

As based on: 

Troester, J. & Duffield, R. (2019). Monitoring residual 36 h post-match neuromuscular fatigue in rugby 

union; a role for postural control? European Journal of Sport Science (2019), DOI: 

10.1080/17461391.2019.1606941 
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Abstract 

The present study investigated single-leg balance and landing measures, respectively, at the beginning 

of a weekly micro-cycle 36h after a match compared to 48h rest without any match load. Twenty-seven 

professional rugby union players performed balance and landing tests on a 1000Hz force plate across 

three in-season micro-cycles either with or without match loads in the prior 36h. Participants were 

further sub-divided into higher and lower match load groups to investigate changes in balance and 

landing variables. Differences between rested and 36h post-match single-leg balance sway velocity were 

trivial in all cases, except for the higher-load group on the dominant leg, which were possibly impaired 

36h post-match (ES ± 90% CL = 0.68 ± 0.66). Differences between rested and 36h post-match single-leg 

landing measures of relative impulse on the non-dominant leg were possibly lower (0.36 ± 0.34), with 

possible impairment observed on both legs in the higher load group 36h post-match (0.39 ± 0.33; 0.49 ± 

0.42). Differences in landing measures of peak force and time to stabilisation were mainly trivial 

(ES<0.20). Postural control measures at 36h post-match are comparable to a rested state; though 

impairment of sway velocity on the dominant leg and landing impulse may indicate residual 

neuromuscular fatigue resulting from increased match exposure. 
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6.1 Introduction 

Rugby union is a high-intensity collision-based sport that results in significant musculoskeletal and 

physiological stress (Dubois et al., 2017). The between-match micro-cycle within a competitive rugby 

season presents coaches with the challenge of balancing match loads, recovery, and the necessary 

technical, tactical, and physical preparation for the upcoming match (Cross et al., 2016; Lindsay et al., 

2015; West et al., 2014). Hence, methods to guide training load prescription, or understand player 

readiness to train, at the start of a weekly training micro-cycle are often important tools for coaches and 

practitioners. Consequently, a host of measures, including psychological wellbeing, endocrine profiles 

and speed / power tests are suggested within high-performance sport to inform an athletes’ readiness 

to train (Taylor et al., 2012). While each tool provides insight into specific aspects of recovery, measures 

of neuromuscular fatigue (NMF) are of particular interest due to their objective assessment of force 

production (Boyas & Guevel, 2011). This fundamental force capacity underlies many mechanisms of 

performance and injury and is of prime focus in the post-match recovery context (Quarrie et al., 2017; 

Taylor et al., 2012). 

 

Countermovement jump (CMJ) tests are commonly used in applied sport settings to assess NMF, with 

measures of height, mean power, and peak power demonstrating significant decreases (5-8%) 

immediately following youth and professional rugby union matches, and returning to pre-match levels 

between 48-60 h (Oliver et al., 2015; Roe et al., 2016; Shearer et al., 2015; West et al., 2014). Alteration 

of movement efficiency within CMJ using the flight time to contraction time ratio (FT:CT) has further 

indicated NMF immediately following and up to 24h post- AFL and rugby league matches (Cormack, 

Newton, & McGuigan, 2008; McLean, Coutts, Kelly, McGuigan, & Cormack, 2010). While CMJ is a 

valuable tool for monitoring NMF, practical application during the 48h post-match window may be 
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limited by the challenge of consistently obtaining maximal jump data from players recovering from the 

match (Taylor et al., 2012; Wehbe et al., 2015). As a result, less physically demanding balance and 

stability tests of postural control (PC) have been proposed to assess NMF and infer readiness to train 

post-match (Clarke et al., 2015; Pau et al., 2016). 

 

Postural control is the coordinated use of the neuromuscular and sensorimotor systems to stabilise the 

centre of mass over the base of support (Paillard, 2012). Previous investigations have established the 

between day variability (CV = 9-12%) of single-leg balance tests on a force plate with eyes closed in 

professional rugby union players (Troester et al., 2018). Meanwhile, impairment of balance measures 

has been demonstrated immediately following Canadian football game simulation (63%) (Clarke et al., 

2015) youth (12 – 20%) (Brito et al., 2012) and elite (11 – 25%) soccer matches (Zemkova et al., 2009). 

Between day variability for single-leg landing measures range from CV = 7 – 23% in professional rugby 

union players (Troester et al., 2018) with previous results indicating impairments in time to stabilisation 

of single-leg landings immediately following youth soccer match loads (24%) (Pau et al., 2016) and 

functional fatigue protocols (31-41%) (Brazen et al., 2010). When considering readiness to train at the 

beginning of an ensuing micro-cycle (~36h post-match), PC tests may provide insight into general NMF, 

reduced muscle activation, and reduced proprioception that contribute to alterations in muscle stiffness 

and joint stability (Steib et al., 2013a; Wikstrom et al., 2004). In turn, such mechanistic changes may 

affect performance and increase risk of injury when exposed to ensuing training sessions (Trojian & 

McKeag, 2006; Zemkova, 2014). Previous evidence suggests acute recovery of PC measures from 15 min 

up to 48 h depending on the magnitude, intensity, and type of prior load (Clarke et al., 2015; Fox et al., 

2008; Pau et al., 2016). However, no research has investigated PC responses within the context of 

quantifying residual NMF at the beginning of the ensuing training week following either rest or a match. 
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Therefore, the primary purpose of this study was to evaluate the efficacy of PC tests for monitoring NMF 

by investigating single-leg balance and landing measures at the beginning of the training micro-cycle 

(when monitoring tools are practically used) following professional rugby union match loads (36h post) 

compared to following 48h of rest (bye week with no match load). A secondary purpose was to identify 

differences in the PC measure responses between higher and lower match load groups. It was 

hypothesised that single-leg balance and landing measures would still be impaired at 36h post-match, 

and that impairment would be greater in the higher load group compared to lower load group. 

 

6.2 Methods 

Experimental Approach to the Problem 

Single-leg balance and landing performance was tested on a force plate on the first day of a training 

micro-cycle following a bye with 48 hours rest and on the first day of a subsequent micro-cycle 36h post-

match. This approach reflects the aims of this study by testing the practical use of PC measures for 

monitoring NMF and readiness to train post-match compared to rested within the context of an in-

season schedule. Data collection coincided with three periods throughout the season following a bye 

and data were pooled resulting in 61 balance and 55 landing comparisons. Training schedules and loads 

were consistent for all weeks prior to testing with 3 team rugby sessions, 3 gym sessions and 1 position-

specific skills session. To further infer the effect of match loads on PC measures, data were sub-divided 

into higher match load (top 20 samples based on game minutes) and lower match load (bottom 20) 

groups.  
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Participants 

Twenty-seven male professional rugby union players (10 backs, 17 forwards, age: 26 ± 3 y, height: 189 ± 

6 cm, mass: 106 ± 14 Kg, Super Rugby experience: 46 ± 22 games) participated in this study. All 

participants were free from injury and had prior familiarity with data collection methods as part of 

regular club monitoring procedures. This study was approved by the University Ethics Committee (UTS 

HREC REF NO. ETH16-0626), and all participants were informed of the possible risks of involvement and 

provided informed consent. 

 

Procedures 

Single-leg balance and landing tests were performed on the hard surface of a force plate (9260AA6, 

Kistler Instruments, Winterthur, Switzerland) with a sampling rate of 1000 Hz, and data were processed 

using commercially available software (SpartaTrac, Menlo Park, USA). Data were further coded for 

dominant (D) and non-dominant (ND) legs based on preferred kicking leg. All tests were conducted in a 

secluded corner of the team training facility and athletes were required to wear their normal team 

training uniform and remove their shoes for testing. Data collection occurred during the medical 

screening window between 8:00-10:00am on the first training day of the week with no prior activity. 

Post-match data were collected following home games and thus excluding the potential effects of travel. 

All testing was performed according to previously reported methods (Troester et al., 2018), and 

participants had extensive prior familiarity with procedures having completed them at least 10 times as 

a part of normal monitoring at the club. 
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Postural Control 

Single-leg balance measures were collected while participants performed 20s trials with eyes closed and 

hands on hips. Two trials were performed on each leg in alternating fashion, starting with the right leg. 

Trials in which the participant removed their hands from hips, touched the opposite foot off the force 

plate, or lost balance were discarded and repeated. Resulting data for mean sway velocity (cm.s-1) were 

calculated based on total displacement of the centre of pressure (COP) divided by the duration of the 

trial. The mean of two trials resulted in measures of sway velocity (SV) for each leg. For single-leg 

landing tests, participants started at a point 1m from the centre of the force plate and were instructed 

to jump as high as possible off two legs and stick and hold the landing on one leg. Three trials were 

performed in alternating fashion on each leg, starting with the right. If the landing foot moved after 

contact or the opposite foot touched down, trails were discarded. Measures were obtained for relative 

peak landing force (N.Kg-1), relative landing impulse (N.s.Kg-1) across 200ms post-contact (Madigan & 

Pidcoe, 2003), and time to stabilisation (s) as measured by the time required for force to equalise within 

5% of baseline (Colby et al., 1999). The mean of three trials on each leg resulted in measures of peak 

force (PF), impulse (IMP), and time to stabilisation (TTS) for each leg. Among the many PC measures 

supported in the literature, SV (representing static balance) and PF, IMP, and TTS (representing dynamic 

landing) were used in this study based on the measures available within the commercially available 

testing software (SpartaTrac, Menlo Park, USA) widely used in applied sport settings. The reliability of 

procedures and measures within the context of professional rugby union players performing tests at the 

beginning of subsequent training weeks following rest has been previously reported for balance 

measures of SV (ICC = .67-.79; CV = 9-12%), and landing measures of PF (ICC = .58-.71; CV = 12-14%), IMP 

(ICC = .64-.68; CV = 7-8%), and TTS (ICC = .28-.60; CV = 13-21%) (Troester et al., 2018). 
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Training and Match Load 

Sessions rating of perceived exertion (sRPE) was collected using a CR-10 scale 15-30 min post-

training/match and multiplied by session duration to quantify internal load (AU) (Foster et al., 2001). 

External load measures were collected using global positioning system (GPS) units (SPI-HPU, GPSports, 

Canberra, AU) sampling at 15 Hz. Units were worn between the scapulae in custom fitted pockets within 

the game jerseys. Measures used for analysis included total distance (m), high speed running (>5.5 m.s-1) 

distance (m), and total accelerations and decelerations (>2.5 m.s-1.s-1). Further, match involvement data 

were collected using the official match statistics provided by OPTA sports and available through Fair Play 

(Fair Play Pty Ltd, Jindalee, Australia) and included game minutes, carries, tackles, and total rucks. 

 

Statistical Analysis 

Paired analysis of rested and 36h post-match balance and landing measures were undertaken with data 

log transformed to reduce non-uniformity bias. Because reliability has been previously established for 

these specific measures, population, and testing conditions (Troester et al., 2018) custom spreadsheets 

(Hopkins, 2017) were used to calculate magnitude-based inferences using percent difference in the 

mean and 90% confidence limits (CL) where the coefficient of variation was set as thresholds for 

smallest meaningful change: SV-ND = 12%, SV-D = 9%, PF-ND = 14%, PF-D = 12%, IMP-ND = 8%, IMP-D = 

7%, TTS-ND = 13%, TTS-D = 21%. Quantitative chances of increase or decrease were assessed 

qualitatively as follows: <1%, most likely not; 1-5%, very unlikely; 5-25%, unlikely; 25-75%, possible; 75-

95%, likely; 95-99, very likely; >99%, most likely. If the chance of increase and decrease were both > 5%, 

the true effect was assessed as unclear (Hopkins et al., 2009). Effect sizes were further evaluated as 
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trivial (0 – 0.19), small (0.2 – 0.59), moderate (0.6 – 1.19) and large (1.2 and greater) (Hopkins et al., 

2009). 

6.3 Results 

Training and Match Load 

Mean weekly training loads ranged from 2194 ± 393 to 2326 ± 625 AU with 12,266 ± 2945 to 14,663 ± 

5115 m total distance and 978 ± 464 to 1087 ± 555 m high speed running distance. Differences in 

training load between weeks were likely trivial. For all participants, mean match loads resulted in 4363 ± 

2131 m total distance, 201 ± 183 m high speed running distance, 28.4 ± 20.2 total accelerations and 

decelerations, 67 ± 30 min of game duration, 4.5 ± 3.4 carries, 6.8 ± 5.5 tackles, and 9.8 ± 7.7 ruck 

involvements. The higher load groups consisted of 11 backs and 9 forwards for balance and 12 backs and 

8 forwards for landing whilst the lower load groups consisted of 9 backs and 11 forwards for balance and 

10 backs and 10 forwards for landing. Differences between higher and lower match load groups are 

presented in Table 6.1; with most likely large differences between groups (60 – 75%) for all measures. 
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Table 6.1 – Comparison of match loads between higher and lower match load groups 

  Group Mean ± SD 
% Difference ± 

90% CL ES ± 90% CL 
Qualitative 
Descriptor 

Game Duration (min) 
Higher 98 ± 3 

-71.53 ± 5.41 -37.28 ± 5.61 most likely 
Lower 31 ± 14 

Distance (m) 
Higher 6551 ± 637 

-74.05 ± 4.82 -13.46 ± 1.84 most likely 
Lower 1888 ± 968 

High Speed Distance 

(m) 

Higher 292 ± 191 
-75.37 ± 10.07 -1.98 ± 0.56 most likely 

Lower 78 ± 61 

Accel+Decel (count) 
Higher 44 ± 18 

-75.48 ± 7.29 -3.04 ± 0.63 most likely 
Lower 12.0 ± 7.5 

Carries (count) 
Higher 7.5 ± 3.5 

-63.20 ± 13.63 -1.54 ± 0.56 most likely 
Lower 2.1 ± 1.8 

Tackles (count) 
Higher 9.3 ± 6.8 

-60.60 ± 18.59 -1.40 ± 0.68 most likely 
Lower 3.0 ± 2.9 

Total Rucks (count) 
Higher 13.6 ± 9.2 

-68.75 ± 15.29 -1.58 ± 0.64 most likely 
Lower 4.8 ± 4.1 
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Balance 

Differences between SV at the start of the weekly micro cycle in a rested or 36h post-match state were 

trivial for the entire group (Table 6.2) based on a threshold of change of 12% for SV-ND and 9% for SV-D. 

In the higher and lower load groups, rested to 36h post-match differences were trivial in all cases except 

SV-D, where a possibly moderate (ES = 0.68 ± 0.66; 6.9 ± 6.7%) impairment was evident in the higher 

load group (Figure 6.1).  

 

Landing 

Rested compared to 36h post-match differences in single-leg landing measures for the entire group 

were trivial in all cases based on %CV threshold for change except for IMP on the D leg which resulted in 

possibly small (ES = -0.36 ± 0.34; -5.3 ± 5.0%) decreases (Table 6.2). When post-match data were 

classified as higher and lower match load groups, possibly small decreases were observed for IMP-ND 

(ES = -0.39 ± 0.33; -6.5 ± 6.3%) and IMP-D (ES = -0.49 ± 0.42; -8.2 ± 8.0%) in the higher match load group 

(Figure 6.1). Notably for TTS, likely trivial changes were observed for the entire group and for higher and 

lower load groups, and between group differences were unclear. 

 

  



161 
 

Table 6.2 – Rested and 36h post-match balance and landing performance 

  
Rested 

Mean ± SD 

36h Post-
match 

Mean ± SD 

% 
Difference ± 

90% CL 

 
ES ± 90% CL 

Change 
Threshold 

(%CV) 

 
Qualitative 
Descriptor 

Balance       

SV-ND (cm.s-1) 8.27 ± 1.57 8.39 ± 1.50 1.5 ± 5.7% 0.08 ± 0.29 12% most likely trivial 

SV-D (cm.s-1) 8.65 ± 1.28 8.64 ± 1.29 -0.1 ± 4.5% -0.01 ± 0.30 9% most likely trivial 

Landing       

PF-ND (N.Kg-1) 4.46 ± 1.06 4.43 ± 1.09 -0.8 ± 7.6% -0.03 ± 0.31 14% very likely trivial 

PF-D (N.Kg-1) 4.77 ± 1.02 4.60 ± 1.01 -3.6 ± 6.7% -0.17 ± 0.32 12% very likely trivial 

IMP-ND (N.s.Kg-1) 2.08 ± 0.30 2.04 ± 0.34 -2.2 ± 5.1% -0.14 ± 0.34 8% very likely trivial 

IMP-D (N.s.Kg-1) 2.15 ± 0.32 2.04 ± 0.34 -7.3 ± 5.0% -0.36 ± 0.34 7% possibly negative 

TTS-ND (s) 0.65 ± 0.14 0.68 ± 0.20 2.8 ± 8.1% 0.13 ± 0.38 13% very likely trivial 

TTS-D (s) 0.63 ± 0.12 0.65 ± 0.15 3.1 ± 6.8% 0.16 ± 0.34 21% most likely trivial 
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Figure 6.1 – Mean difference (%) ± 90% CL between rested and 36h post-match measures of A) sway 

velocity B) peak force C) impulse and D) time to stabilisation on non-dominant (ND) and dominant (D) legs 

for higher and lower match load groups. Dashed line indicates %CV threshold for smallest meaningful 

change. Asterisk (*) denotes possible differences.  
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6.4 Discussion 

The aim of the present study was to determine differences between single-leg balance and landing 

measures at the beginning of a weekly micro-cycle 36h post-match or following 48h rest without match 

loads. In turn, such analyses would inform the potential use of PC measures for monitoring residual NMF 

and thus infer readiness to train. Consequently, measures were mostly trivial between rested and 36h 

post-match, though possibly small decreases in IMP and moderate impairment in SV-D were reported in 

the higher load group. These observations at 36h post-match suggest most PC measures have returned 

to normal, though some impairments in SV and IMP remain evident following higher match loads.  

 

The current investigation revealed trivial differences 36h post-match in SV based on previously 

established thresholds for meaningful change (9-12%); a result likely due to the extended duration 

following the match until testing allowing recovery of balance measures. Previous research has 

demonstrated the responsiveness of balance measures immediately post-exercise in a fatigue state, 

with impairments of sway area in tandem stance of 63% following Canadian football game simulation 

(Clarke et al., 2015) and 12 – 20% impairments in SV (with eyes open) following soccer match loads 

(Brito et al., 2012). While such immediate fatigue-induced balance disturbances are observed, the 

current results support the expectation that balance performance may be recovered within 36-48h 

(Clarke et al., 2015). However, 36h post-match SV in the higher match load group reported here showed 

possibly moderate impairment on the dominant leg and a possibly small effect between higher and 

lower load groups. Consequently, individual responsiveness and time-course for balance recovery may 

be specific to the magnitude, type, and intensity of load (Fox et al., 2008; Romero-Franco et al., 2015). 

Thus, residual NMF and disturbance of balance performance may still be present at 36h post-match in 
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individuals experiencing higher match loads and in turn, balance measures may be a minimally 

demanding method to inform this presence. 

 

In the current study, differences between rested and 36h post-match PF were likely trivial based on 

specific change thresholds of 12-14% and highlight that PF may be recovered by 36h post-match. While 

previous research suggests recovery of PF during single-leg landings within 3 min of fatigue-inducing 

knee extensions in healthy males (Augustsson et al., 2006), there are no reports of the time-course for 

recovery following longer fatigue-inducing or sport-specific protocols representing the demands of 

rugby union match play. Furthermore, there is conflicting evidence for the response of PF to fatiguing 

exercise, with reports of increased PF resulting from decreased joint range of motion and reliance on 

passive structures for stiffness (James et al., 2010) or decreased PF due to altered landing strategies 

relying on larger muscles of the hip for force absorption (Coventry et al., 2006). Regardless, the mainly 

trivial differences in conjunction with evidence of potentially contrasting responses of PF to fatigue, 

suggest that PF may not be useful to inform the presence of NMF or infer readiness to train in the 36-

48h post-match. 

 

Current results report possibly small decreases in IMP-D and then IMP on both legs in the higher load 

group as based on specific thresholds for meaningful change (7-8%). This may suggest the clearest trend 

toward 36h post-match impairment in the landing measures investigated in this study. However, no 

previous research provides evidence for the time-course for recovery of impulse measures from a single-

leg landing task to contextualise this finding. Impulse is a measure of the area under the force-time 

curve (N.s) and represents change in momentum or force absorption during landing (Madigan & Pidcoe, 

2003). Since changes in PF were likely trivial, the possible decreases in IMP in the current investigation 
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support previous reports of altered landing strategy with shorter time to peak force resulting in lower 

impulse (James et al., 2010; Zadpoor & Nikooyan, 2012). This strategy could indicate NMF resulting in 

increased landing stiffness and reliance on connective tissues rather than the absorption of force 

through eccentric muscular contraction (Coventry et al., 2006). While speculative, this explanation 

coincides with reports of altered movement strategy in CMJ related to NMF following AFL matches and 

intensified periods of rugby union training (Cormack et al., 2013; Gathercole et al., 2015). Given the 

possibly lower values 36h post-match (especially in the higher load group) compared to rested states, 

IMP provides the most pronounced and longest lasting response of the landing measures investigated in 

this study. As a result, IMP may be useful for identifying altered landing strategy indicative of NMF and 

could be used to inform readiness to train at the beginning of a micro-cycle following a match.  

 

Results of the current investigation indicate likely trivial increases (1.8 – 11.5%) in TTS at 36h post-match 

which do not align with the reports of increased TTS during single-leg landing tasks on a force plate 

immediately following treadmill running (9%), functional protocols (31-41%), and soccer match loads 

(11-28%) (Brazen et al., 2010; Pau et al., 2016; Steib et al., 2013a; Wikstrom et al., 2004). Current results 

could be explained by the monitoring timeline (36h post-match) when TTS values may have returned to 

within rested levels (Augustsson et al., 2006); however, no research clearly establishes the expected 

time-course for recovery of TTS. Further, this study used a high threshold for meaningful change (CV = 

13-21%) based on previous between-day reliability results (Troester et al., 2018) requiring large and 

lasting changes for identification of impairment to be made. As such, TTS appears to have low signal to 

noise ratio and lacks evidence to suggest its use for identifying NMF at the start of a weekly training 

micro-cycle. 
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The findings of the current investigation should be considered in context of the advantages and 

limitations of the study design. For example, this study used commercially available force plate software 

that made data collection simple and time-effective, despite a limited selection of previously reported 

PC variables. Further, the landing protocol specifically utilised a self-selected maximal jump height which 

may be most applicable to elite athletes, though variation in jump height between rested and 36h post-

match testing windows may affect landing measures. Finally, the comparison of PC measures following 

two days rest to those obtained 36h post-match using specific thresholds for change based on prior 

reliability data informs the specific application of such tests for monitoring NMF and readiness to train 

at the beginning of a post-match micro-cycle, however acute and chronic loading factors may affect 

NMF and the response and time-course for recovery of PC measures remains unclear. 

 

In conclusion, this study aimed to evaluate the efficacy of PC tests for monitoring NMF by comparing 

measures at the beginning of the training micro-cycle (when monitoring tools are practically used) 

following 48h rest with no match loads and 36h post-match at the beginning of the subsequent micro-

cycle. Most PC measures were comparable with rested measures and within normal limits of variability 

by 36h post-match, with only landing impulse displaying a possible decrease. However, the higher load 

group demonstrated impaired SV-D and IMP on both legs. Hence, recovery of PC is dependent on the 

magnitude of match load; and thus, alterations in proprioception, sensorimotor control and landing 

strategy related to residual NMF may still exist 36h after higher load rugby union matches. SV and IMP 

measures may be useful for identifying individuals with larger than expected impairment 36h post-

match which may contra-indicate neuromuscular recovery and inform the readiness to train process. 
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6.5 Practical Applications 

• Whilst most PC measures are expected to be within rested levels 36h post-match, SV balance 

measures and IMP landing measures demonstrate the potential for possibly small impairments 

to remain. 

• Thresholds for meaningful change based on previous reliability results may be used to identify 

individuals still experiencing large impairment of PC resulting from NMF 36h post-match. 

• PC tests require minimal physical effort and motivation and may prove useful for informing 

readiness to train at the beginning of a micro-cycle following a match. 
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CHAPTER 7 

 

DISCUSSION 
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7.1 Overview 

Managing player load, fatigue and recovery in rugby union is deemed important given the potential 

impact of NMF on performance and injury risk (Cross et al., 2016; Quarrie et al., 2017). Numerous 

approaches are available to inform NMF in response to training/match load, yet few display all the ideal 

qualities of 1) simple and time efficient to collect and analyse, 2) appropriate reliability, sensitivity, and 

responsiveness to acute and accumulated load, and 3) minimally physically demanding and non-invasive 

(Starling & Lambert, 2018). As such, some have proposed tests of proprioception and postural control as 

novel tests of NMF, which provide the main advantage of being minimally physically demanding and 

requiring limited motivation from athletes (Austruy, 2016; Clarke et al., 2015). Appreciating that CMJ 

tests are the most common test of NMF in applied sport settings (Taylor et al., 2012), there remain some 

limitations to the real-world implementation of CMJ testing for regular fatigue monitoring purposes 

(Starling & Lambert, 2018). For example, limitations may include the lack of certainty on which CMJ 

outcome measures are most sensitive to identify individual changes (Carling et al., 2018), the specificity 

of transfer of vertical jumping assessments to the horizontal nature of field sports (Marrier et al., 2017) 

and the reluctance of athletes to perform maximal effort tests in a state of post-match fatigue (Carling 

et al., 2018). Consequently, further investigation into the efficacy of postural control measures may 

provide practitioners with novel tools that improve athlete compliance and support longitudinal data 

collection to guide fatigue monitoring.  

 

Single-leg balance and landing tests are the most common assessments of static and dynamic postural 

control in athletes (Zemkova et al., 2009; Wikstrom et al., 2005). Postural control tests are submaximal 

in nature and may provide valuable information on the effects of NMF on stability and landing patterns, 

in turn informing readiness to train following a match (Paillard, 2012). Such tests have demonstrated 
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responsiveness to functional and sport specific (soccer and Canadian football) fatigue protocols across a 

range of athletic populations (Wikstrom et al., 2004; Brito et al., 2010; Zemkova et al., 2009; Clarke et 

al., 2015). However, the reliability and responsiveness to load in the context of rugby union has not been 

previously established. Therefore, the aim of this research was to assess the use of postural control 

measures of single-leg balance and landing on a force plate for monitoring NMF in professional rugby 

union players.  

 

As a reminder for context, initially the inter-trial and inter-test (first day of the training week 7 days 

apart) reliability and variability of single-leg balance and landing methods using commercially available 

force plate testing software was determined (study 1). These results guided the selection of measures 

for further investigation based on their reliability and sensitivity within the specific context of the 

population and environment. Next, the response of single-leg balance and landing measures to typical 

daily rugby union training loads was investigated with exploration of the specific relationship to internal 

and external load factors established (study 2). This established the responsiveness of postural control 

measures to rugby union loads which had yet to be reported in the literature. The next step was to 

evaluate the responsiveness to accumulated load profiles representing normal, spiked, and higher loads 

(study 3). This is important for understanding the extent to which observed changes in postural control 

may be influenced by acute or chronic load. Finally, changes in single-leg balance and landing measures 

between rested and 36h post-match were assessed (study 4). This approach corresponds to a typical 

timeline for fatigue monitoring when information on residual post-match NMF may provide the most 

utility for guiding readiness to train decisions. Together these investigations provide insight into the 

usefulness of postural control tests for monitoring of NMF in rugby union. This discussion evaluates the 

combination of evidence from across studies regarding the variability, responsiveness and application of 

single-leg balance and landing measures. It also evaluates the evidence for postural control measures 
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alongside common CMJ measures according to criteria for ideal monitoring tools and provide 

recommendations for maximizing the practical utility of NMF monitoring tools in collision-sport athletes. 

 

7.2 Balance 

Reliability 

Overall, the current single-leg balance reliability results suggest that total SV may be the most reliable of 

the measures investigated in this study (Table 7.1). Current inter-day ICCs (0.67 – 0.79) and CV’s (9-12%) 

for total SV were similar to previous reports of ICC = 0.75 – 0.90 and CV = 11%, though these findings 

represent testing protocols with eyes open (Fransz et al., 2014; Kouvelioti et al., 2015). Such eyes open 

protocols demonstrate somewhat better reliability, though the added challenge of eyes closed may be 

more appropriate for assessing postural control of athletic populations (Birmingham et al., 2000). 

Further comparisons are limited, however reliability of similar measures of total path length 

demonstrate ICC = 0.84 - 0.93 and CV = 5 – 11% using eyes closed testing methods, with trial lengths 

ranging from 10 – 45s (Baltich et al., 2014; Birmingham et al., 2000). This suggests that acceptable 

reliability is demonstrated across a range of trial lengths including the average of 2x20s trials used in the 

current investigation. In addition to its reliability, total SV also represents deviations of the center of 

pressure in all directions, thus providing an inclusive measure of postural control (Kouvelioti et al., 

2015).  

 

 Reliability of SV in the AP direction (ICC = 0.61 – 0.89; CV = 7-13%) was inferior to total SV (particularly 

on the ND leg), and ML SV demonstrated poor reliability (ICC = 0.41; CV = 15%) on the dominant leg 

(Table 7.1). Previous reports demonstrate ICC ranging from 0.58 – 0.95 using eyes open testing protocols 

(Ageberg et al., 2003; da Silva et al., 2013; Yamanaka et al., 2012). Inferior reliability of SV-AP on the ND 
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leg and SV-ML on the D leg reflect inconsistencies in the effect of leg dominance, though provide no 

plausible explanation outside of the variability present within the population and methods specific to 

this study. In fact, previous studies of SV in the AP and ML directions report minimal differences 

between legs (Ageberg et al., 2003; da Silva et al., 2013; Yamanaka et al., 2012), and one report on the 

reliability of numerous single-leg balance measures suggests that the lack of difference between legs 

allows for an un-injured limb to be used as a control for clinical populations (Goldie et al., 1989). Overall, 

the inconsistency between legs and poor reliability of several AP and ML SV measures may diminish 

their effectiveness for detecting fatigue related changes in postural control in rugby union players. 

 

In summary, the first step in assessing the application of single-leg balance tests for monitoring fatigue 

in professional rugby union was to gain an understanding of the specific reliability of testing protocols 

and measures within the population and environment (Hopkins, 2004). Consequently, total SV showed 

the best reliability of the measures investigated in this study, and represents deviations in both vectors 

which may provide a broad representation of the neuromuscular adjustments required to maintain 

postural control (Paillard & Noe, 2015). Due to a lack of appropriate consistency in reliability between 

legs, AP and ML and SV were removed from further investigation into their responsiveness to fatigue. Of 

note, TE exceeded SWC for single-leg balance measures included in this study and the current reliability 

results should be used in subsequent investigations to determine the meaningfulness of change relative 

to the noise (Buchheit, 2014; Kennedy & Drake, 2018). 
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Table 7.1:  Summary of all results of single-leg balance variability and response to load. 

  Variability 
Acute Load 
Response 

Accumulated 
Load Response 

Post-Match Response 
(Higher Load Group) 

SV-ND Moderate ↓ ↔ ↔ 

SV-D Low ↔ ↔ ↓ 

AP SV-ND Moderate       

AP SV-D Low    

ML SV-ND Moderate       

ML SV-D High       

SV = sway velocity; AP = anterior-posterior; ML = medio-lateral; ND = non-dominant leg; D = dominant 

leg; ↔ = trivial effect; ↓ = small impairment 
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Responsiveness 

The responsiveness of SV to load in the current investigation suggests a possibly small impairment 

following acute daily training loads, but no effect in response to different accumulated load profiles 

(Table 7.1). Across the literature there is ample evidence supporting small to moderate impairment of 

balance measures immediately following functional and sport-specific fatiguing protocols (Zech et al., 

2012, Pau et al., 2014, Clarke et al., 2015). For example, the current post-training impairments of SV-ND 

(ES = 0.30) can be compared to  previously reported impairments of single-leg balance SV (ES = 0.45) 

immediately following step-ups to failure in youth handball players (Zech et al., 2012). Further 

reductions in single-leg balance path length (ES = 0.54) are observed immediately following repeat sprint 

tests in youth soccer players (Pau et al., 2014), and tandem stance sway area (ES = 0.98) following 

Canadian football game simulation in collegiate level athletes (Clarke et al., 2015). These results may 

suggest greater impairments are expected from larger loads that incorporate more movement patterns 

and total body fatigue (game simulation) compared to smaller more localised (straight-line sprinting and 

step-ups) loads. Despite the rugby union training loads in the current investigation representing large, 

whole-body loads, the smaller ES reported may be due to post-testing occurring 15-30 min post-training, 

whereby some recovery may have occurred compared to immediately post-exercise in the 

aforementioned studies.  

 

Whilst a limitation of the existing literature is the lack of detail describing the load of fatiguing protocols, 

a novel finding of the current investigation is the relationship of impaired balance performance to 

training load measures of high-speed running and HR TRIMP. These specific loads may suggest 

peripheral fatigue resulting from higher intensity, lower volume training (Boyas et al., 2013) and 

mechanisms of impaired balance based on proprioceptive disturbance, changes in muscle and joint 
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stiffness, and altered neuromuscular function (Paillard, 2012). These results establish the expected small 

to moderate acute response of single-leg balance SV to specific rugby union training loads and may help 

guide practitioners in managing the fatigue and recovery of athletes, though this remains speculative 

and additional research is needed. 

 

This is the first study to investigate the effects of accumulated training load profiles on balance 

performance. The trivial differences in SV between normal, spike, and higher load profiles in the current 

investigation may suggest that this measure of balance is not meaningfully affected by accumulated load 

(Table 7.1). Limited evidence exists for the influence of accumulated load on balance, though Hill and 

colleagues (2016) investigated the differences in balance impairments immediately following high 

intensity cycle-ergometer exercise between an overreached group (3 weeks of high intensity training) 

and a train and taper group (3 weeks high intensity training and 3 weeks taper). Their results indicated 

that the overreaching group displayed significantly greater impairment than the taper group, though 

both groups recovered from acute fatigue within 15 min (Hill et al., 2016). Whilst this evidence may 

suggest that accumulated load affects responsiveness, reports of recovery time for balance measures of 

SV remain relatively short - ranging from 8 to 13 min following maximal anaerobic and aerobic running 

protocols, respectively (Fox et al., 2008). Alternatively, Clarke et al. (2015) demonstrate tandem stance 

postural sway gradually returning to baseline over 48h following Canadian football game simulation, 

suggesting that larger loads in a collision sport may result in longer recovery times. Overall, practitioners 

can expect acute impairment of single-leg balance with progressive recovery based on the volume and 

intensity of the load and limited influence of accumulated load factors. 

 



176 
 

Given the understanding of the response of single-leg balance tests to acute and accumulated rugby 

union training loads, the application of such tests was implemented within the context of regular fatigue 

monitoring at the beginning of a weekly micro-cycle 36h post-match. Changes in single-leg SV 36h post-

match were trivial for the whole group, but possibly small impairments (ES = 0.68) in SV-D were 

demonstrated in the higher match load group (Table 7.1). The responsiveness of SV in the higher match 

load group compared to the lower match load group may suggest the influence of magnitude and 

intensity of load on time-course of recovery of postural control. Several other studies suggest the 

relationship of balance impairment to magnitude of load, with Beurskens et al. (2016) reporting 

increased balance impairment at progressive stages of a treadmill running protocol and Vieira et al. 

(2015) reporting fluctuations in balance impairment in relation to daily load across a 4-day hike that 

covered 56 – 72 Km per day. Regardless, the SV impairment in the high match load group in the current 

investigation may suggest that larger match loads result in longer, persistent NMF that is still present 

36h post-match when assessed by balance-focused postural control measures. As such, single-leg 

balance SV may be useful as a tool that is minimally demanding on the athlete and can identify 

individuals with impaired postural control who have not recovered from higher match loads  at the 

beginning of the training micro-cycle following a match. 

 

A discussion of balance measures of NMF would not be complete without exploration into the influence 

of leg dominance on responsiveness to load. Results from acute post-training tests indicate an 

impairment on the non-dominant leg, while 36h post-match results in the higher match load group 

indicate an impairment on the dominant leg (Table 7.1). Comparisons of the response of dominant and 

non-dominant legs are scarce within the literature, with only one report showing greater impairment on 

the left leg following 300m anaerobic running intervals; a result attributed to the potential influence of 

left hand turns while running on a track (Romero-Franco, 2015). Speculative explanations for the current 
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results are that the non-dominant leg may be the weaker link in the kinetic chain and the first to 

demonstrate a fatigue response (Balogun & Onigbinde, 1992). Alternatively, greater post-match 

impairment on the dominant leg may be attributed to greater demand for execution of skill 

performance that may inadvertently bias load toward the dominant leg in competitive situations 

(Grouios et al., 2009). Ultimately, the variability is lower on the dominant leg and may make this more 

sensitive to identifying changes 36h post-match when recovery is expected, and training commences; 

thus reinforcing the importance of signal to noise ratio in the effectiveness of monitoring tools. 

Regardless, the lack of consistency in response of dominant and non-dominant legs may make the 

practical interpretation of results difficult.  

 

In summary, total SV measures demonstrated the best reliability of the measures used in this study and 

were used for subsequent investigation into their response to load. Sway velocity demonstrated a 

possible acute post-training fatigue effect but no effects of accumulated load profiles. This may suggest 

a relatively short post-fatigue recovery time. Changes in SV were mainly trivial 36h post-match except 

for a small impairment demonstrated in the higher match load group. As such, practitioners are likely 

able to interpret changes in balance measures in relation to (higher) loads within the last 48h. Single-leg 

balance measures may provide value as a novel tool for monitoring post-match NMF and readiness to 

train given their demonstrated response to higher but not lower match loads and the minimal effort and 

motivation required to perform the tests. However, inconsistency in the response of dominant and non-

dominant legs may challenge the practical interpretation of results. 
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7.3 Landing 

Reliability 

The current findings of moderate reliability for single-leg lading PF and good reliability of IMP measures 

are novel within the literature (Table 7.2). Whilst this is the first known report for IMP measures, only 

one other report for PF demonstrates ICC = 0.63 and CV = 24.9% in adolescent surfers landing after a 

drop from a 50cm box (Tran et al., 2013). The somewhat better reliability of PF in our investigation (ICC 

= 0.58 – 0.71; CV = 12-14%) may be due to an older, elite athlete population; a speculation that may be 

supported by reports of better reliability of landing TTS measures in professional compared to youth 

soccer players (Pau et al., 2014). Whilst not less than the smallest worthwhile change, CVs of 7-8% for 

single-leg landing, IMP represents the most sensitive measure in the current investigation and provides 

valuable thresholds for inferring meaningful changes in further investigations (Kennedy & Drake, 2018).  

 

Our results indicate high variability of TTS measures (ICC = 0.28 – 0.60; CV = 13-21%), especially on the 

dominant leg (Table 7.2). Previous literature demonstrates varied results for the reliability of TTS, with 

signal processing methods having a large impact (Colby et al., 1999). For example, raw processing 

methods using a 5% stability threshold like the methods in our study show ICC values ranging from < 

0.40 to 0.89 and CVs of 17.6% (Fransz et al., 2016; Colby et al., 1999, Wikstrom et al., 2005; Ebben et al., 

2010). Some authors recommend alternative sequential average processing methods to smooth the GRF 

signal as a means of improving reliability, with results describing ICC = 0.60 from raw processing 

methods and ICC = 0.80 using sequential average (Fransz et al., 2016). However, the commercially 

available force plate testing software (SpartaTrac, Sparta Science, Menlo Park, CA, USA) used in the 

current investigation were limited by the pre-set manufacturer processing methods. Regardless, the 

lower reliability described in our investigation compared to most reports may also be due to the use of a 
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self-selected jump height allowing for more freedom in the testing protocol but may represent a more 

relevant task for elite athletes (Wikstrom et al., 2005; Colby et al., 1999). 

 

Our results also revealed poorer reliability of TTS on the dominant leg compared to non-dominant leg 

(Table 7.2). This result is contradicted by previous reports of no significant differences in the reliability of 

single-leg landing TTS between dominant and non-dominant limbs in recreationally active participants 

(Colby et al., 1999), as well as the common practice of pooling results from both legs (Wikstrom et al., 

2005). However, these reports may not properly inform the expected differences in reliability between 

legs in elite athletes. Whilst the relationship between preferred kicking and landing legs is poor (Carcia, 

Cacolice, & McGeary, 2019), the inferior reliability of the dominant leg in the current investigation may 

relate to its use for skill execution (kicking) leaving the non-dominant as the primary plant leg during 

such activities. Though speculative, the increased use of the non-dominant leg for planting and 

stabilization during sport-specific activities may develop more robust landing and stabilization motor 

patterns (Carcia et al., 2019; Grouios et al., 2009).  While the variability of TTS measures may seriously 

limit their application for detecting fatigue responses, they may still be an important variable given the 

potential relationship of proprioception to fatigue and readiness to train (Austruy, 2016). Inter-day 

reliability results are not commonly reported in the literature but are the foundation for establishing 

typical error and understanding meaningful change within the context of fatigue monitoring tools in an 

applied sport setting (Roe et al., 2015; Thorpe, Atkinson, Drust, & Gregson, 2017). The current results 

describing the acceptable reliability of single-leg landing PF and IMP are novel within the literature and 

provide the basis for further comparisons of fatigue response of landing tests in professional rugby 

union players. 
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Table 7.2: Summary of results of single-leg landing variability and response to load. 

  Variability 
Acute Load 
Response 

Accumulated 
Load Response 

Post-Match Response 
(Higher Load Group) 

PF-ND Moderate ↔ ↓ ↔ 

PF-D Moderate ↔ ↔ ↔ 

IMP-ND Low ↔ ↓ ↓ 

IMP-D Low ↔ ↓ ↓ 

TTS-ND Moderate ↔ ↔ ↔ 

TTS-D Very High ↑ ↔ ↔ 

PF = relative peak landing force; IMP = relative landing impulse; TTS = time to stabilization; ND = non-

dominant leg; D = dominant leg↔ = trivial effect; ↓ = small impairment; ↑ = small improvement 
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Responsiveness 

As a general summary, the response of single-leg landing tests to acute post-training fatigue showed 

predominantly trivial effects (Table 7.2). This contradicts previous reports of impaired TTS immediately 

following functional fatigue protocols (ES = 1.02) in healthy men (Brazen et al., 2010) and on both 

dominant (ES = 0.33) and non-dominant (ES = 0.71) legs in youth athletes following a soccer match (Pau 

et al., 2016). Further reports also show decreased IMP (ES = 0.78) following repeated cycles of single-leg 

landings and single-leg squats (Madigan & Pidcoe, 2003). Meanwhile the response of PF in the literature 

is less clear with fatigue protocols that isolate the knee resulting in consistent impairment (ES = 0.37 – 

1.74) (Wikstrom et al., 2004; Augustsson et al., 2006) and functional protocols that fatigue lower-body 

musculature through jumping, hopping and agility drills demonstrating potential increases (ES = 0.65) 

(Brazen et al., 2010). Thus, the key factor that may differentiate the responsiveness PF may be 

dependent on the type of load and resulting alterations in landing strategy to compensate for fatigue 

(Coventry et al., 2006). This evidence may suggest that local fatigue (of the knee extensor musculature 

specifically) may produce the greatest impairments of landing PF and IMP measures (Madigan & Pidcoe, 

2003; Brazen et al., 2010; Wikstrom et al., 2004). Comparing to the current research, rugby union loads 

represent total body movements that produce general fatigue rather than excessive specific fatigue of 

local musculature, and athletes may have been able to adequately compensate for acute fatigue and 

maintain landing performance (Marrier et al., 2017). The improvement in TTS-D is a confounding result 

given the expected impairments reported in the literature (Brazen et al., 2010; Pau et al., 2016). Of note, 

standardisation of landing height by dropping from a box may not have adequately challenged postural 

control. Alternatively, one explanation is that post-testing occurred 15-30 min after training and that 

rather than a fatigue effect, there was enough recovery (for this training load) to generate a potentiating 

effect similar to reports if improved TTS following a cycle-ergometer warm-up and recovery (Paillard et 

al., 2018). Additionally, it is also possible that the high degree of variability in TTS measures 



182 
 

demonstrated by reliability studies prevented the identification of any meaningful fatigue response. 

Overall, the trivial post-training responses of single-leg landing measures may challenge their use as 

effective measures of NMF in rugby union. 

 

This study is the first to report landing measures’ responsiveness to accumulated loads with contrasting 

interactions showing improvement of IMP under higher load profiles and impairment under spike load 

profiles (Table 7.2). Increasing IMP may represent adaptation to higher accumulated loads and a stiffer 

landing pattern similar to reports of increased musculotendinous stiffness and improved running 

economy following six weeks of plyometric training (Spurrs et al., 2003). In contrast, decreasing IMP in 

the spike load profile may be a compensatory response to accumulated load representing a lag time in 

muscle activation and motor unit recruitment and a shift of force absorption from the ankle and knee to 

larger muscles of the hip and trunk (Coventry et al., 2006). Together it may appear that while landing 

tests are not sensitive to acute rugby union training loads, they may be an indicator of adaptation to 

accumulated load, though further investigation is required.  

 

The application of single-leg landing tests for monitoring fatigue 36h post-match resulted in impairment 

of IMP on both legs (ES = 0.39 – 0.49) in the higher load group whilst changes in PF and TTS were trivial 

(Table 7.2). This is a novel result with previous reports only demonstrating acute impairment of single-

leg landing measures within minutes of the fatigue stimulus (Augustsson et al., 2006). When speculating 

on the reason for 36h post-match, but not immediate post-training impairment of IMP, it is possible that 

the volume and intensity of game load may provide a greater fatiguing stimulus or that the 

standardization of landing height post-training negated the responsiveness of IMP measures. 

Alternatively, impaired IMP 36h post-match but not immediately post-training may represent a delayed 
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response related to muscle damage and the onset of soreness that occurs later in the recovery process 

(Byrne et al., 2004). Additionally, post-match impaired IMP could support results of the influence of 

spikes in accumulated load given that the match loads in the current study could have contributed to 

spikes in acute load since testing was performed in the competition round one week after a bye without 

game loads. Regardless, the responsiveness of single-leg landing IMP could demonstrate the application 

of landing tests for weekly fatigue monitoring to identify individuals experiencing residual post-match 

postural control deficits and inform readiness to train. However, PF and TTS are unlikely to be suitable 

measures due to lack of responsiveness to acute and accumulated loads in the current investigation. 

 

In summary, landing impulse is the most reliable and sensitive of the landing measures investigated in 

this study and also shows responsiveness to accumulated and post-match loads. It appears that changes 

in landing impulse may represent positive or negative adaptation to accumulated higher and spike load 

profiles. Peak force and time to stabilization are supported by the most evidence for fatigue-related 

impairment in the literature yet fail to demonstrate responsiveness in this investigation. This could be 

due to the reported higher variability here or short recovery times that make these measures unsuitable 

for inclusion in regular fatigue monitoring protocols.  

 

7.4 Neuromuscular Fatigue Monitoring in Rugby Union; Options and 

Possibilities 

In a practical sense, NMF monitoring tools in high performance sport would ideally conform to criteria of 

“The 3 Es”: Efficient, effective and effortless. A survey of rugby union coaches and support staff by 

Starling and Lambert (2018) describes the need for efficiency as minimal time for data collection (5-10 
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minutes for the entire team), easy to administer, and inexpensive (equipment and human resources). 

Effectiveness is summarised as reliability, sensitivity to change (signal greater than noise), and validity 

(observed changes are in fact representative of fatigue) (Starling & Lambert, 2018; Buchheit et al., 2014; 

Kennedy and Drake, 2018). Finally, effortless relates to tools that are non-invasive, non-aversive (don’t 

require excessive motivation), and non-fatiguing to athletes (Austruy, 2016; Starling & Lambert, 2018). 

Whilst there is a diverse set of evidence for CMJ tests in the literature as the most common measures of 

NMF in applied sport settings (Taylor et al., 2012), the aims of this research were to investigate the 

potential of postural control tests of balance and landing as novel measures of NMF with the possible 

benefits of 1) minimal physical effort and motivation, and 2) the relationship of NMF with 

proprioception and stability. The following sections will discuss the potential of balance and landing, 

within the context of the commonly used CMJ tests, according to the above criteria of ideal monitoring 

tools. 

 

As the most prevalent methods for monitoring NMF, CMJ tests were included in the current 

investigation into responsiveness to typical rugby union training days as a valuable reference for 

postural control measures (Starling & Lambert, 2018; Roe et al., 2016). However, CMJ was not included 

in all studies due to practical limitations of data collection in the professional team environment. The 

results showed a small impairment of jump height (ES = 0.21), concentric impulse (ES = 0.35) and 

moderate impairment of eccentric rate of force development (ES = 0.79). The current results 

demonstrate similar responsiveness to previous reports of impaired jump height (ES = 0.35 - 0.58) 

following contact and non-contact training (Roe et al., 2017) and 24h after a typical pre-season training 

day in academy rugby union players (Kennedy & Drake, 2017). Trivial changes to mean force in the 

current investigation are also supported by previous literature (Roe et al., 2017) suggesting that this 

measure is not responsive to rugby union training. Additionally, our study utilised CMJ measures 
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provided through commercially available force plate testing software which simplified data collection 

and analysis (SpartaTrac, Sparta Science, Menlo Park, CA, USA) and as a result there is limited evidence 

to support the observed changes in novel measures of EccRFD and ConIMP. However, impairment of 

these measures may support previously proposed alterations in time-related variables and a 

corresponding alteration in CMJ movement strategy in response to NMF (Kennedy & Drake, 2017; 

Gathercole et al., 2015). The acute response of single-leg balance SV (ES = 0.30) to a typical rugby union 

training day was similar to that of CMJ height (ES = 0.21) and IMP (ES = 0.35), and although not the focus 

of this thesis, CMJ remains a valuable measure of NMF in professional rugby union players. 

 

In evaluating CMJ, balance and landing tests according to the proposed “3 Es” (Figure 7.1), CMJ tests 

require the least time for data collection with 2-3 trials recommended (Kennedy & Drake, 2018) whilst 

balance tests require 2-3 trials of at least 10s on each leg and landing tests require at least 3 trials on 

each leg (Yamanaka et al., 2012; Colby et al., 1999). Regardless, each of these tests can be completed in 

1-2 min per athlete. All tests are easy to administer, and data processing and analysis are simplified with 

the recent introduction of commercial software packages for use in applied sport settings. However, 

best practice of applying thresholds for meaningful change based on intra-individual variability should 

be applied regardless of the type of test that is selected (Akenhead & Nassis, 2016; Hopkins et al., 2009). 

Force plate technology for measuring balance and landing is expensive and CMJ tests can be performed 

using less costly contact mats (Cormack et al., 2008). However, at the higher levels of sport, force plates 

are relatively common and can be used for both CMJ and postural control tests. Ultimately, CMJ testing 

may provide a slightly more time efficient and inexpensive option for fatigue monitoring; however, the 

prevalence of force plates in elite sport and the small difference in time between CMJ and postural 

control tests makes differences in efficiency minimal.  



186 
 

 

 

Figure 7.1: Summary comparison of practical evidence for ideal criteria of fatigue monitoring tools 
between CMJ, balance and landing tests.  

Green = good support of ideal criteria; Yellow = moderate support of ideal criteria; Red = poor support of 
ideal criteria 
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Effectiveness of fatigue monitoring tools is a complex topic, and this discussion will briefly summarise 

practical evidence for the reliability, sensitivity and validity of CMJ and postural control tests. CMJ tests 

are the most reliable and sensitive of these tests, with evidence for peak power, mean power, peak 

force, mean force, peak velocity and jump height all demonstrating CV < SWC (Kennedy & Drake, 2018; 

Roe et al., 2016). The evidence for balance and landing tests is less clear, with current results suggesting 

acceptable reliability for some measures, but overall lacking the sensitivity to detect SWC. In regards to 

validity, CMJ tests would not be so prevalent if there were not strong evidence for their relationship to 

NMF, though some have questioned their use based on task specificity and the limitations of vertical 

jump assessments carrying over to the primarily horizontal running and pushing demands of rugby union 

(Marrier et al., 2017). Beyond the results of the current investigation, the validity of balance and landing 

tests remains somewhat limited with only one other report of balance tests indicating NMF in collision-

based athletes (Clarke et al., 2015). There is however growing evidence for the validity of balance and 

landing tests in soccer (Pau et al., 2016; Brito et al., 2009; Zemkova et al., 2009). Whilst beyond the 

scope of this investigation, one advantage of postural control tests is the potential relationship between 

fatigue and injury (Wikstrom et al., 2008). As a potential application, investigation of neuromuscular 

qualities of proprioception and stability with postural control tests could inform readiness to train whilst 

maximal output in CMJ tests could relate to performance potential and readiness to compete. In regard 

to the ideal monitoring tool qualities of “effectiveness”, CMJ has a greater body of evidence, though 

postural control tests may offer novel insight into proprioception and stability. 

 

Finally, effortless refers to the desire for tests to be non-invasive, non-aversive, and non-fatiguing. All 

the currently discussed tests are non-invasive, yet they vary in their demands for motivation and 

physical effort. CMJ tests are very short and place a relatively small amount of extra load on the athlete, 
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though they are maximal explosive efforts that require substantial motivation and effort (Carling et al., 

2018; Austruy, 2016). As such, some have noted potential adverse attitudes of athletes in the post-

match recovery window when muscle damage, soreness, and minor injuries may prevent maximal CMJ 

testing (Clarke et al., 2015; Wehbe et al., 2015). Meanwhile landing tests do require some effort and 

motivation, though the emphasis on landing and stabilization makes them submaximal in nature. Finally, 

balance tests are very minimally demanding and have the advantage of requiring the least effort and 

motivation (Clarke et al., 2015, Austruy, 2016). While the added fatigue of CMJ testing is minimal, the 

maximal effort and motivation required may be an obstacle. The primary advantages of postural control 

tests are there submaximal nature, minimal effort and minimal motivation. This may make postural 

control tests advantageous compared to CMJ when considering the ideal monitoring qualities of 

“effortlessness”. 

 

In summary, postural control tests of single-leg balance and landing may provide a submaximal and less 

physically demanding assessment of NMF that provides insight for planning training and recovery post-

match. Whilst the current investigation demonstrates potential responsiveness of single-leg balance SV 

and single-leg landing IMP measures to acute and accumulated loads, the low signal to noise ratio of 

these tests may challenge their effectiveness. However, as demonstrated by the responsiveness of IMP 

and SV-D 36h post-match, there remains some potential for identifying individuals experiencing larger 

residual postural control disturbance resulting from higher match loads. It is likely that such athletes 

may be averse to maximal performance tests at the beginning of the weekly micro-cycle, and balance 

and landing tests could provide objective rationale for the appropriate modification of training and 

recovery. Given the use of postural control tests early in the weekly micro-cycle to inform readiness to 

train, CMJ test could be used later in the weekly micro-cycle to inform readiness to perform.  
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CHAPTER 8 

 

CONCLUSIONS 
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8.1 Thesis Aims 

Monitoring NMF at the beginning of the weekly micro-cycle following a match is important to plan 

appropriate training and recovery. Thus, monitoring tools that are minimally physically demanding and 

do not require maximal motivation from athletes may provide clearer assessment of fatigue status 

(Starling & Lambert, 2018). This thesis investigated the potential use of postural control tests of single-

leg balance and landing on a force plate for monitoring NMF in professional rugby union. Whilst there is 

some evidence for the reliability of such tests, the variety of testing methods, measures, and 

populations provides little evidence for the expected variability that can be applied to a new 

environment such as Super Rugby (Wikstrom et al., 2005; Baltich et al., 2014). Hence, the first aim of 

this investigation was to determine the inter-trial and inter-test reliability and sensitivity of specific 

single-leg balance and landing testing measures in professional rugby union players (study 1).  

Separately, balance and landing tests have demonstrated acute impairment in response to general and 

sports-specific fatigue protocols (Pau et al., 2016; Steib et al., 2013a; Wikstrom et al., 2004; Brito et al., 

2012; Clarke et al., 2015); however, there is no evidence for the specific responsiveness to rugby union 

loads nor is there any indication of the effect of accumulated load on postural control. Accordingly, the 

next aims of this thesis were to investigate the response of single-leg balance and landing tests following 

a typical rugby union training day and identify the contribution of various internal and external load 

measures to postural control impairment (study 2). Furthermore, an assessment of the relationship 

between different accumulated training load profiles (representing normal, spike, and higher loads), on 

single-leg balance and landing performance was undertaken (study 3). Finally, in order to assess their 

application for regular NMF monitoring, the responsiveness of single-leg balance and landing measures 

36h post-match using thresholds for meaningful change established through prior reliability tests in 

professional rugby union players was investigated (study 4). 
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8.2 Key Findings 

The key findings within this research are: 

• Single-leg balance total SV demonstrates acceptable reliability, and superior reliability than sway 

velocity in the anterior-posterior and medio-lateral directions (study 1). 

• Single-leg landing peak force and impulse demonstrate acceptable reliability, whilst time to 

stabilization should be used with caution due to the high variability and poor reliability between 

dominant and non-dominant legs (study 1). 

• Whilst countermovement jump eccentric rate of force development demonstrated the largest 

impairment following a typical rugby union training day, single-leg balance sway velocity on the 

non-dominant leg showed similar responsiveness to countermovement jump measures of jump 

height and concentric impulse (study 2). 

• Bodyload, sRPE-TL and bTRIMP appear to be the main contributing factors to countermovement 

jump and balance impairment following typical rugby union training days (study 2). 

• Single-leg balance sway velocity was not significantly different between normal, spike, and 

higher three-week accumulated load profiles (study 3).  

• Investigation of the effect of accumulated load profiles of single-leg landing impulse 

demonstrated a significant interaction in which impulse decreased over time under spike load 

conditions and increased over time under higher load conditions (study 3).  

• When monitoring postural control 36h post-match at the beginning of a weekly micro-cycle, 

most measures are expected to be within ranges observed without prior match load (i.e. 

rested), however possibly small single-leg landing impulse impairments may remain (study 4). 

• In higher match load groups, single-leg balance sway velocity may also demonstrate impairment 

36h post-match (study 4). 
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8.3 Conclusions 

In conclusion, there is some evidence for the potential use of postural control tests of single-leg balance 

and landing for monitoring NMF in professional rugby union players. Single-leg balance SV and single-leg 

landing IMP are the recommended measures to use in applied settings based on those investigated in 

this study given the reported reliability and response to training and match loads. Impairment of SV and 

IMP following training and match loads indicate potentially small acute responsiveness, whilst IMP may 

respond differently to spike and higher accumulated load profiles. Overall, the postural control 

measures investigated in this study demonstrate moderate sensitivity (noise) and potentially small 

responsiveness (signal) making them limited in their ability to detect lower levels of NMF at the 

beginning of a weekly micro-cycle following a match. However, such tests may still identify individuals 

with higher levels of NMF resulting from higher match loads and provide valuable rationale for 

managing athlete loading and recovery. 

 

8.4 Practical Applications 

Some of the practical applications derived from this research are: 

• Single-leg balance SV and single-leg landing IMP are the recommended postural control 

measures investigated in this study based on reliability and responsiveness to load. 

• Specific thresholds for meaningful change based on reliability results should be used to within 

monitoring protocols to identify individual’s still experiencing impairment of postural control 

resulting from NMF 36h post-match. 

• Bodyload, sRPE-TL and bTRIMP appear to be the main contributing factors to post-training 

balance impairment and practitioners may use this information to guide the planning of training. 



193 
 

• Alterations in single-leg landing IMP may suggest an altered landing strategy that could relate to 

maladaptation or increased tolerance to high ACWR and high accumulated loads respectively. 

• Whilst CMJ remains a valuable test of NMF, single-leg balance SV could provide an alternative in 

situations where maximal jump testing is impractical. 

• Postural control tests require minimal physical effort and motivation and may prove useful for 

informing readiness to train at the beginning of a micro-cycle following a match. 

 

8.5 Future Research Directions 

Recommendations for future research based on the findings of this investigation include: 

• Whilst this study utilised postural control measures available from commercial force plate 

testing software, further investigation of additional balance (sway area, sway entropy ½ life) and 

landing (stability index) measures that may demonstrate improved sensitivity and 

responsiveness to load. 

• Though practically challenging in a professional sports environment, additional examination of 

the specific time-course of recovery (15m, 30m, 1h, 6h, 12h, 24h, 48h, 72h) of postural control 

measures following rugby union training and match loads would provide a deeper 

understanding of the responsiveness of measures and relationship to fatigue. 

• The relationship between subjective measures of fatigue and recovery may improve knowledge 

of the confounding factors beyond load that impact postural control performance. 

• Further Investigation into the relationship of postural control performance and injury risk in 

professional rugby union could guide the understanding of readiness to train and provide 

deeper rationale for the potential modification of training. 
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Appendix 4 – Summary of CMJ response to acute and chronic loads 
Population (Author) Load Measures Results Notes 
Acute Loads     
15 academy rugby 
union players 
 
(Johnston et al., 
2016) 

Single vs. double session 
training day (pre, post, 2h, 
24h) 

CMJ-JH 
CMJ-PP 
CMJ-rPP 
CMJ-RFD 

CMJ-PP, rPP, JH impaired post (ES = 
0.41 - 0.61) (recovered at 2h) and 
impaired at 24h (ES = 0.2 - 0.54) 
 
CMJ-RFD impaired at 24h with the 
addition of weights (ES = 0.48) 

Only difference between single and 
double session is perception of 
soreness 

15 academy rugby 
union players 
 
(Johnston et al., 
2017) 

Double session - Weights 
then speed, or speed then 
weights (pre/post session 1, 
pre/post session2, 24h) 

CMJ-JH 
CMJ-PP 
CMJ-PV 
CMJ-RFD 

CMJ-PP,JH, PV impaired (ES = 0.27 - 
0.80) post sessions  
 
CMJ-JH, RFD, PV impaired (ES = 0.33 - 
0.82) 24h post 

No interaction between protocols, 
however 10m sprint times faster when 
speed was second 

20 academy rugby 
union players 
 
(Roe et al., 2017) 

Contact (CON) and non-
contact (nCON) training (pre, 
post, 24h) 

CMJ-MP 
CMJ-MF 

CMJ-MP impaired immediately after 
CON and nCON training (ES = 0.4, 0.35 
respectively) and 24h post nCON 
training (ES = 0.35) 
 
PPU-FT impaired post (ES = 0.31) and 
24h (ES = 0.37) post CON 

Effect of CON on CK and wellbeing 
greater than nCON 
 
Measures of CMJ-MF and PPU-MF 
demonstrate trivial changes 

13 academy rugby 
union players 
 
(Noon et al., 2018) 

Low (15m) and High (90m) 
Intermittent Shuttle Test 
(pre, 20h) 

CMJ-JH No differences between groups for 
CMJ-JH following high or low load 

Wellness sensitive to individual 
response, but objective measures 
lacked sensitivity 

9 academy rugby 
union players 
 
(Kennedy & Drake, 
2017) 

Pre-season training day (pre, 
24h, 48h) 

CMJ-outcome 
variables 
CMJ-
mechanics 
variables 

No changes at 24h, but CMJ-mechanics 
variables (EccDur, TotDur, F@0V) 
impaired at 48h 

Bimodal recovery pattern 
demonstrated by altered movement 
strategy 

Brazilian rugby 
union players 
 
(Nunes et al., 2018) 

Post friendly match (0, 30m, 
24, 48, 72 h) 

CMJ-JH 
CMJ-PP 
CMJ-RFD30 
CMJ-RFD50 
CMJ-Stiffness 

ES range from -.98 - .25 
 
Some impairment may still exist at 72h 
(CMJ-JH; ES = 0.34) in the control group 

CWI had positive effect on post-match 
recovery 

12 elite rugby union 
players 
 
(Shearer et al., 
2015) 

Post-match (12, 36, 60 h) CMJ-PP CMJ-PP impaired at 12h (ES = 0.82) and 
36h (ES = 0.56) but recovered at 60h 

Correlation (r = -.34) between BAM 
and CMJ-PP 

14 professional 
rugby union players 
 
(West et al., 2014) 

Post-match (12, 36, 60 h) CMJ-PP CMJ-PP impaired at 12h (ES = 0.73) and 
36h (ES = 0.56) but recovered at 60h 

Other measures also impaired along 
similar timeline except for BAM 
recovered by 36h 

Acute and Accumulated Loads 
   

11 youth rugby 
union playeres 
 
(Oliver et al., 2015) 

7-week in-season mesocycle 
(baseline and 24h pre / post-
match in weeks 1, 4, and 7) 

CMJ-JH CMJ impaired acutely post-match and 
chronically pre-match in weeks 4 and 7 
compared to baseline 

CMJ most sensitive to acute and 
accumulated fatigue 
 
Wellbeing not sensitive to 
accumulated fatigue 

Accumulated Loads 
    

U20s rugby union 
players (High-13 
and Low-11 match 
exposure groups) 
 
(Lacome et al., 
2018) 

19 day international 
tournament 

CMJ-JH Trivial to possible small post-match 
impairment of CMJ in High group 

Performance and readiness 
maintained across the tournament 

23 elite rugby union 
players 
 
(Tavares et al., 
2019) 

3 Weeks of training (high 
volume pre-season) 

CMJ-PF Small Impairments (ES = 0.2 - 0.54) Small effect of CWI on CMJ 
performance (0.23-0.38) 
 
Moderate effect of CWI on Soreness 
(0.58-0.91 
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20 professional 
rugby union players 
 
(Black et al., 2018) 

5 weeks of pre-season 
training 

CMJ-PF Fish Oil CMJ-PF increased (ES = 0.38) 
 
Placebo CMJ-PF impaired (ES = 0.21) 

Fish oil supplementation resulted in 
improvements in CMJ-PF while 
placebo group somewhat impaired 
 
Also positive effects on muscle 
soreness and fatigue 

12 elite female 
rugby 7s players 
 
(Gathercole et al., 
2015) 

6-week training block with 
progressive loads 

22 CMJ 
Variables: 
CMJ-FT 
CMJ-Disp 
CMJ-TTPF 
CMJ-F@0V 

 
wk3-6: -1.84 
wk2-6: -2.24 
wk3-6: 2.58 
wk5-6: -1.28 

CMJ output and mechanics altered in 
response to accumulated loads 

12 young 
professional rugby 
union players 
 
(Roe et al., 2016) 

6-week training block CMJ-PP 
CMJ-MP 
CMJ-FT 
Cycle-PP 

Moderate and small decreases in CMJ-
PP,MP,FT following increases in 
training load (3 weeks) 

CMJ-PP and MP demonstrate greatest 
impairment while Cycle-PP not clearly 
impaired 

14 young 
professional rugby 
union players 
 
(Roe et al., 2016) 

11-week pre-season CMJ-MP 
CMJ-MF 
CMJ-FT 

CMJ-MP impaired wk 2, and 5-11 (8.1-
14.7%) 
 
CMJ-FT impaired wk 2, 4-6, 9-10 (1.9-
3.3%) 

Improvements in strength and speed 
occurred despite the presence of NMF 

37 2nd tier 
professional rugby 
union players 
 
(Hills et al., 2018) 

12 week in-season period CMJ-PV 
(20Kg-LPT) 

Results below baseline with (ES = 0.5 - 
0.6), and large effects wk 
5,6,7,9,10,11,13 

CMJ and wellness fluctuated with 
stress, persisted below baseline 
throughout, and showed a declining 
trend over 12 weeks 
 
Large correlation (r = 0.5 - 0.89) 
between CMJ and wellness measures 

14 professional 
rugby union players 
 
(Dubois et al., 2018) 

Top 14 season CMJ-JH 
(OptoJump) 

No sig difference in CMJ-JH across the 
season 

Acute training and match load as well 
as impacts most affected physiological 
responses (biochemical markers, 
strength, mood) 

CMJ = countermovement jump; JH = jump height; PP = peak power; rPP = relative peak power; RFD = rate 

of force development; PV = peak velocity; MP = mean power; MF = mean force; PPU = plyometric push 

up; CON = contact session; nCON = non-contact session; EccDur = eccentric duration; ConDur = concentric 

duration; F@0V = force at 0 velocity; RFD30 = rate of force development at 30 ms; RFD50 = rate of force 

development at 50 ms; CWI = cold water immersion; BAM = brief assessment of mood; Disp = 

displacement; TTPF = time to peak force; LPT = linear position transducer 
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Appendix 5 – Balance and Landing Data Collection Methods 
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