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ABSTRACT

To enhance understanding of recovery and preparation in rugby union, the aim of this thesis
was to examine the impact of competition on key parameters and investigate factors which
may influence the recovery process from competition and training.

The findings of study one demonstrate that movement patterns and thus the physiological
demands of match-play vary considerably between different positional groups. Additionally,
study two demonstrates that the movement characteristics which determine the extent of
muscle damage post-match are position specific, and that movement characteristics may be
used to prospectively tailor individual recovery and manage subsequent training.

Recovery patterns may also be influenced by factors not associated with match-play such as
sleep, which has important physiological and psychological restorative effects. The findings
of study three suggest that sleep patterns may vary considerably within a squad with many
players presenting evidence of sleep disruption, particularly post-match which may be
detrimental to recovery.

Recovery following exercise may also be modulated by the application of post-exercise
recovery strategies such as cold water immersion. However, study four demonstrates that
cold water immersion may impede adaptation to strength training in rugby union players.
When no recovery intervention was administered during a five week pre-season period,
isometric mid-thigh pull peak force and relative peak force significantly increased by 5.4 +
4.7 and 5.8 + 5.4% respectively. However when individuals were immersed in cold water
post-training there were no significant changes in strength during the training period. These
findings may have great implications for strength training, particularly during periods of
physical development.

The findings of the thesis have furthered understanding of the characteristics of performance
and identified several factors which influence recovery from training and competition. This
in turn may be used to inform best practice procedures in attempt to ‘optimise’ preparation
and recovery in rugby union.
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GENERAL INTRODUCTION



1. Introduction

Rugby union is a physically demanding game characterised by repeated high-intensity bouts
of relatively short duration exercise, with varying and often incomplete recovery periods
(e.g. Cahill et al., 2013; Roberts et al., 2008). The high-intensity bout characteristics are
largely positional dependent (Cahill et al., 2013); however all players are exposed to a high
magnitude of physical contacts and collisions (Cunniffe et al., 2010; Quarrie et al., 2013),
and high intensity stretch-shortening cycle (SSC) movements. As a consequence, rugby
union players may take several days to fully recover following competition (e.g. West et al.,

2014).

Research demonstrates large elevations in blood markers of muscle damage (e.g. creatine
kinase; CK) (Cunniffe et al., 2010; Smart et al., 2008; Takarada, 2003), and disruptions to
neuromuscular (West et al., 2014), hormonal (Cunniffe et al., 2010; Elloumi et al., 2003;
West et al., 2014), immune (Cunniffe et al., 2010) functions and mood (West et al., 2014) for
several days following competition. With the accumulation of subsequent training and
performance, insufficient recovery prior to the start of the training week may compromise
players’ ability to train, and with the added stress from training, players’ preparation for
subsequent games may be compromised (McLean et al., 2010). Insufficient recovery may
also predispose an individual to a greater risk of injury (Lazarim et al., 2009) and the
development of overtraining syndrome (McLellan et al., 2012). Thus the topic of recovery
has become an important focus of player management and research in rugby union within

recent years.

Previous research has also highlighted the individual nature of recovery in professional
rugby union (West et al., 2014). For example, West et al. (2014) found countermovement
peak power output of 50% of players had not returned to pre-match values 60h post-match.
Knowledge of individual recovery could therefore be used to benefit player management
through individual modification of subsequent training and recovery strategies (West et al.,
2014). However, assessing recovery following each game is often associated with invasive
collection procedures and analysis which may take several hours or days to conduct (e.g.
hormone analysis from saliva sample, (Thorpe and Sunderland, 2012); muscle damage from
blood sample; (Cunniffe et al.,, 2010)); thus information attained may not be used for

individual recovery and subsequent weekly training modulation.

Under the premise that a greater understanding of movement characteristics will lead to a
better understanding of the physiological demands of the sport, researchers have investigated

the movement characteristics of players during match-play in rugby union (Austin et al.,



2011a; Austin et al., 2011b; Cahill et al., 2013; Coughlan et al., 2011; Cunniffe et al., 2009;
Deutsch et al., 1998; Deutsch et al., 2007; Eaton and George, 2006; Quarrie et al., 2013;
Roberts et al., 2008). Furthermore, research suggests that performance characteristics could
be used to prospectively predict individual recovery demands in rugby union (Cunniffe et al.,
2010; Takarada, 2003) and other team sports (McLellan et al., 2011a; McLellan et al., 2012;
Thorpe and Sunderland, 2012). For example, physical contacts have been correlated to CK
level in rugby union (Cunniffe et al., 2010; Smart et al., 2008; Takarada, 2003) and
neuromuscular recovery in rugby league (McLellan et al., 2012), suggesting recovery may be
determined by the extent of mechanical damage induced through contact during performance
in rugby codes. With the metabolic, mechanical and neural elements associated with fatigue
following SSC activity (Nicol and Komi, 2003), it is also likely that muscle damage and
neuromuscular fatigue following rugby union may partly be determined by the extent of
high-intensity movement characteristics. Indeed, recent research has shown correlations
between high-speed running characteristics and changes in CK (Thorpe and Sunderland,
2012; Young et al., 2012) and neuromuscular function (Duffield et al., 2012) during the
recovery period in team sports (soccer, rugby league and Australian rules football). However
no research has been conducted to assess the correlation between high-speed running and

markers of recovery in rugby union.

To date, the majority of studies that have investigated the movement characteristics of rugby
union have done so through time motion analysis (TMA) systems (e.g. Austin et al., 2011a;
Austin et al., 2011b; Deutsch et al., 1998; Deutsch et al., 2007; Eaton and George, 2006;
Roberts et al., 2008). Despite advancements in movement analysis through automated
analysis (Lacome et al., 2013; Quarrie et al., 2013), methodological issues still remain when
assessing rugby union using TMA; with considerable manual input and potential
measurement inaccuracies. More recently, advancements in global positioning system (GPS)
technology have allowed for the accurate, detailed and automated analysis of movement in
rugby union which may be assessed in ‘real-time’ improving the effectiveness of movement
analysis for impacting and analysing performance. In particular, units sampling at
frequencies of 10Hz have been shown to have acceptable reliability and validity to analyse
movement in team sports (Castellano et al., 2011; Johnston et al., 2014b; Varley et al.,
2011). However, to date research in rugby union have assessed movement at 1Hz (Cunniffe
et al., 2009) and 5Hz (Coughlan et al., 2011; Cahill et al., 2013), with research suggesting
the reliability and validity of sampling at these frequencies may be acceptable for measuring
long straight line running efforts (Barbero-Alvarez et al., 2010) but for the assessment of
brief, high-speed straight-line running (Barbero-Alvarez et al., 2010; Jennings et al., 2010;

Johnston et al., 2012; Petersen et al., 2010), accelerations or efforts involving a change in



direction (Duffield et al., 2010; Jennings et al., 2010; Portas et al., 2010), large error may be
present. Using valid and reliable units, research is therefore required in rugby union to
understand the movement characteristics of performance and how they may correlate to
markers of recovery post-match. This in turn may be used to help understand the
physiological demands and consequences of performance which may be used to aid player

preparation and recovery.

In attempt to accelerate recovery following training and competition, it is common practise
to employ one or more post-exercise recovery strategies, such as cold water immersion
(CWI); with this being reported to reduce the extent of muscle damage, inflammation and
contractile function impairment following exercise (Wilcock et al., 2006). During periods of
physical development such as pre-season, CWI may be used post-training in attempt to
optimise training adaptation; by potentially allowing greater training loads (increased
frequency, intensity or duration) to be performed in subsequent sessions, thus increasing the
stimulus for adaptation (Versey et al., 2013). However, despite enhancing physiological
recovery for subsequent sessions, the use of strategies such as CWI to enhance adaptation
during these periods may be counterintuitive. For example, it has been suggested that muscle
damage and the subsequent inflammatory response is a vital precursor for the signalling
mechanisms which initiate the repair and growth of cells (Carlson and Faulkner, 1983),
therefore incorporating strategies which attempt to blunt the effects of exercise induced
muscle damage may in fact reduce the potential for training adaptation to occur. Indeed
research has demonstrated that several strategies which aim to reduce the extent of the
inflammatory process; CWI (Yamane et al., 2006), local cold pack application (Nemet et al.,
2009) and antioxidant supplementation (Fischer et al., 2004; Gomez-Cabrera et al, 2008;
Strobel et al., 2010), may inhibit the stimulus for adaptive physiology. Therefore although
recovery strategies appear to be important components of athlete recovery in periods of
competition, it has been questioned whether they should be applied during periods of
training which target physical development (Cook et al., in press; Leeder et al., 2012a;
Versey et al., 2013).

Currently there is lack of literature examining the effect of CWI on adaptation in elite
athletes; therefore best practice recovery protocols during periods of adaptation are unclear.
In attempt to understand the role CWI has on adaptive physiology in elite athletes, further
research is required using elite athletes during training periods where adaptation is of

principal importance.

Much research has investigated the efficacy and optimal application of post-exercise

recovery strategies (e.g. Leeder et al., 2012a). However, recent research suggests sleep may
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be the single most efficacious recovery strategy (Halson, 2008), while athletes perceive sleep
to be the most important post-exercise recovery modality when compared to other modalities
including CWI, active recovery and massage (Venter, 2012). Sleep is a basic requirement for
human health and is recognised as an important component of athlete recovery due to its
physiological (Datillo et al., 2011) and psychological (Meerlo et al., 2008) restorative
effects, however the importance of sleep is most evident when disrupted (i.e. total or
partially deprived and/or fragmented) with studies demonstrating the negative effects of
sleep disruption on autonomic nervous system (e.g. Spiegel et al., 1999), endocrine system
(e.g. Spath-Schwalbe et al., 1991), biochemical (e.g. Abedelmalek et al., 2013), genetic (e.g.
Moller-Levet et al., 2013), cognitive (e.g. Cook et al.,, 2011) and neuromuscular (e.g.
Bambaeichi et al., 2005) functions and mood states (e.g Sinnerton and Reilly, 1992).

Despite its proposed importance, it has been suggested that frequently disrupted and
restricted sleep is a prevalent problem in modern society (Meerlo et al., 2008) which may
also be common within elite athletes (e.g. Leeder et al., 2012b). Research demonstrates that
several factors associated with training and competition (e.g. exercise intensity; Trinder et
al., 1985, training volume; Jurimae et al., 2002; Jurimae et al., 2004; Taylor et al., 1997, and
competition stress; Lastella et al., 2012) may have negative consequences to athlete sleep
quality. Furthermore, research has shown that subsequent (Lastella et al., 2012) and
preceding (Richmond et al., 2004) performance may also disrupt sleep which would have
great implications for the preparation and recovery of rugby players. To date, no research has
been performed to characterise sleep patterns in rugby union, therefore research is required

to examine the sleep patterns of professional rugby union players.

1.1. Specific aims of experimental chapters

1. Study one will assess the movement patterns of professional rugby union players

using GPS units sampling at 10Hz.

2. Study two will examine the relationships between muscle damage and
performance characteristics associated with physical contacts and high-speed

movement in professional rugby union.

3. The aim of study three is to assess the effect of CWI on adaptation to strength

training during pre-season in professional rugby union.



4. The purpose of study four is to examine the sleep patterns of professional rugby
union players’, with data collected prior and post-match-play to assess the potential

influence of competition on sleep pattemns.



REVIEW OF LITERATURE



2. Analysis of movement characteristics in rugby union
2.1. Why assess movement characteristics in rugby union?

Researchers have investigated the movement characteristics of players during match-play in
rugby union (Austin et al., 2011a; Austin et al., 2011b; Cahill et al., 2013; Coughlan et al.,
2011; Cunniffe et al., 2009; Deutsch et al., 1998; Deutsch et al., 2007; Eaton and George,
2006; Roberts et al., 2008; Quarrie et al., 2013) under the premise that a greater
understanding of these characteristics will lead to a better understanding of the physiological
demands of the sport. This in turn may facilitate the planning and implementation of training
programmes that enhance physical preparation for performance (Austin et al., 2011a).
Furthermore, knowledge of expected trends in performance may aid assessment of individual
and team performance (Quarrie et al., 2013), and may be used to aid tactical decisions during

performance (Kempton et al., 2013b).

Assessment of movement may also have important implications for player management
following competition. Research in team sports have shown that certain movement
characteristics may correlate to physiological markers of recovery (Cunniffe et al., 2009;
Nedelec et al., 2014; Smart et al., 2008; Takarada et al., 2003; Thorpe and Sunderland, 2011;
Young et al., 2012) and soft tissue injury risk (Gabbett and Ulah, 2012), therefore an
appreciation of how markers relate to recovery may aid in modulating subsequent recovery

and training sessions post-competition.

At present there are two means of assessing movement in team sports: time motion analysis
(TMA) and global positioning systems (GPS). The following section will review the
methods and limitations of TMA and GPS; before reviewing the literature that has assessed
movement characteristics in rugby union. Finally the application of movement analysis to

enhance the preparation and management of athletes will be discussed.

2.2. Methods of assessing movement in rugby union
2.2.1. Time motion analysis (TMA)

To date, the majority of studies that have investigated the movement characteristics of rugby
union have done so through TMA systems (e.g. Austin et al., 2011a; Austin et al., 2011b;
Deutsch et al., 1998; Deutsch et al., 2007; Eaton and George, 2006; Roberts et al., 2008)
which involve the analysis of performance characteristics from video recordings. The most

commonly used method of TMA is notational analysis, which is the subjective quantification
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of individual player(s) activity by an investigator, such as the frequency and duration of a
particular movement. Methods of notational analysis in team sport have ranged from
manually recording positional information (e.g. transferring video footage onto transparent
foil to determine distances according to a reference grid (Erdmann, 1992)) to using
shorthand notational analysis (e.g. Ali and Farrally, 1990) which may be performed live or
retrospectively. More recently commercial available notational analysis software has become
popular in rugby to assess performance. Software such as Sportscode 9 Elite (Sportstec;
Warriewood, NSW) allow analysts to ‘code’ player incidents (e.g. tackle, pass, kick, carry)
both in ‘real-time’ and retrospectively with an on-screen dashboard. This allows the total
number of ‘positive’ and ’negative’ incidents to be assessed, with user friendly tabs which
allow for the analysis of individual and team incidents. However, such software has
limitations around its inability to distinguish and quantify movement characteristics such as

jogging and sprinting (Barris and Button, 2008).

In order to assess locomotion characteristics by notational analysis a video camera must
follow the movement of an individual player for an entire match. Retrospectively or
subjectively, the analyst must decide the type of movement from a given category. Distances
may be estimated using field markings for guides, from which total distance covered,
distance and time spent in different time zones may be reported (Deutsch et al., 1998; Duthie
et al., 2005; Eaton and George, 2006). Earlier research provided information on the number
of efforts, time spent and distances covered at different speeds, and work to rest patterns (e.g.
Deutsch et al., 1998; Duthie et al., 2005), however, the reliability of this subjective data entry
procedure and the ability to reproduce the same results when analysis is repeated, is a major
limitation of notational analysis (Duthie et al., 2003b). For example, previous research
assessed the test-rest reliability of an experienced analyst (10 games, ~20h) from the footage
of 10 elite rugby union players during ‘Super 12’ matches which were analysed twice
separated by one month (Duthie et al., 2003b), and found that the total time spent in the
individual movements of walking, jogging, striding, sprinting, static exertion and being
stationary had moderate to poor reliability (5.8-11.1% TEM). Furthermore, the frequency of
individual movements had good to poor reliability (4.3-13.6% TEM), while the mean
duration of individual movements had moderate reliability (7.1-9.3% TEM). For
comparisons to be made between matches and studies, inter-observer consistency is
considered crucial in establishing the reliability of TMA systems and data collected (Barris
and Button, 2008). As one camera is required to film one individual’s movement, another
limitation of this method is that either many cameras and therefore analysts may be required,

or limited players may be analysed.



Despite the limitations of previous methods, player movement may now be tracked by an
automated vision based TMA system, which use multiple cameras mounted around a pitch to
assess player movement according to a constructed co-ordinate system. For example,
Roberts et al. (2008) assessed the movements of 29 players from an English Premiership
team recorded over five games. Five video cameras were positioned around a rugby pitch at
predetermined locations ensuring the total area of the playing surface was visible, from
which a global 2-D Cartesian co-ordinate system was constructed with the origin located in
one corner of the playing area. Cameras were calibrated by recording sequences of four
calibration poles (height = 1.0m) positioned on the playing surface to known locations

(Figure 2.1.).

Using the co-ordinate system constructed, displacement data of each player was used to
categorise player movements into discrete activity classifications, removing subjectivity of
movement (Roberts et al., 2008). The system used in the study by Roberts et al. (2008)
improved reliability of data collected compared to previous methods used (e.g. Deutsch et
al., 1998; Duthie et al., 2005), with previous research demonstrating the methods used had
good and moderate correlations of inter and intra-operator reliability for distances travelled
(0.9 and 0.5%) and speeds obtained (6.0 and 3.4%) respectively (Roberts et al., 2006).
Furthermore, compared to measured routes and speeds, the method used returned CVs of 2.1
and 8.3% respectively (Roberts et al., 2006). However the system used in this study still has
its limitations. In situations where multiple players cluster in restricted playing areas, the
system may lose track of player movement; which is a major issue in team sports like rugby
union (Barris and Button, 2008). Furthermore, with movement captured at a rate of 1Hz,
high-speed movement may be under-estimated (Roberts et al., 2008). Another limitation of
the method used by Roberts et al. (2008) was that data was extrapolated from 40min (from
20-60min) to give full match analysis (80min). Thus, variation in values for total distance
travelled at high intensity and sprinting speeds, and total time spent in work activities were

15.3% and 12.7% respectively between predicted and actual values.
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Cam 1 Cam 2

Cam 3 Cam 3

Cam 2

Cam 5 Cam 4

0.0
Cam 5 0 Cam 4

Figure 2.1. Camera locations around playing area for automated vision based tracking

system (Roberts et al., 2008).



Several semi-automatic TMA systems with reasonably high levels of accuracy and reliability
have recently become commercially available (Barris and Button, 2008). In a comprehensive
analysis of international rugby by Quarrie et al. (2013), 763 player data files from 90
international matches played by the New Zealand national team from 2004 to 2010 were
analysed using Verusco Technologies Inc. (Palmerston North, New Zealand; Quarrie et al.,
2013). Although the method of analysis used by Quarrie et al. (2013) is a progression in
TMA in terms of numbers of players analysed and the time taken to analyse, validity for the
software used is not presented in literature and methodological issues still remain. Despite
reporting accuracies of player position between 140-200mm, with position captured at 25
frames per second and sampled at 2Hz, approximately 10% of player movement was
undetected and required manual correction. Furthermore, to estimate the distance travelled
by players between plays, the straight-line displacement from the position of the player at the
end of one play to the beginning of the next was calculated thus underestimating movement.
Another comprehensive analysis of international rugby used Amisco Pro® (Sport Universal
Process, Nice, France) software which also captured data at 25Hz, but processed the raw data
at 10Hz and has previously been demonstrated to have high levels of accuracy and reliability
when compared to known distances (Zubillaga et al., 2006). However, despite advancements
in movement analysis (Lacome et al., 2013), these systems are unable to detect and quantify
static activities such as scrums, rucks, mauls and tackles, therefore these activities still

require manual input.

2.2.2. Global positioning systems (GPS)

More recently, the emergence of portable GPS tracking units in sport has potentially
provided an alternative to overcome some of the limitations associated with TMA systems
(McLellan et al., 2011b). GPS allows the tracking of a change in position (displacement) of
an object (e.g. an athlete) in real-time by calculating the displacement between the signal
(satellite) and the receiver (GPS unit). This calculation utilises a doppler frequency
calculation, whereby the phase shift difference between the satellite and an oscillator-
produced signal within the receiver is measured. When 4 or more satellite signals can be
received simultaneously, a 3-D location can be ascertained (Dobson and Keogh, 2007). GPS
units are typically worn and held within a harness or vest so that it is positioned in the area of
the upper thoracic spine, between the left and right scapulae. Player movement may be

assessed in ‘real-time’ or retrospectively.
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To date research in rugby union have assessed movement at 1Hz (Cunniffe et al., 2009) and
S5Hz (Cahill et al., 2013; Coughlan et al., 2011), however studies assessing the reliability and
construct validity of units sampling at these frequencies suggest that they lack the sensitivity
to accurately quantify changes in movement patterns in team sport (Table 2.1.). Research
suggests the reliability and validity of these units may be acceptable for measuring long
straight line running efforts (Barbero-Alvarez et al., 2010) but for the assessment of brief,
high-speed straight-line running (Barbero-Alvarez et al., 2010; Jennings et al., 2010;
Johnston et al., 2012; Petersen et al., 2010), accelerations or efforts involving a change in
direction (Duffield et al., 2010; Jennings et al., 2010; Portas et al., 2010) large error may be
present. For example, Jennings et al. (2010) assessed the reliability (CV) and construct
validity (SEM) of running over a range of distances at different speeds using 1 and 5Hz units
(MinimaxX, Team 2.5, Catapult Innovations, Scoresby, Australia). The authors found poor
reliability and validity for 1 and 5Hz units when performing a 10m sprint (39.5% and 32.4 +
6.9%, 77.2% and 30.9 + 5.8% respectively), however units had greater reliability and
validity when distance increased and speed decreased (e.g. SHz 40m walk; CV 9.2% SEM
9.8 + 2.0%). Furthermore, 1Hz (SPI Elite, GPSports, Australia) and SHz (MinimaxX, Team
Sport Model, Catapult, Australia) units have been shown to have poor reliability for
detecting distance covered when performing court based activity representative of team sport
(CV 26.7% and 35.3% respectively; Duffield et al., 2010). Indeed, research suggests that
subjective notational analysis may be a more valid and reliable method of tracking player
movement for field sports or sports where short distances and changes in direction are

observed, when compared to 1Hz GPS analysis (Dogramaci et al., 2011).

From the research presented it may be questioned whether 1 and 5Hz units are sensitive
enough to accurately assess the movement characteristics in rugby union. However, recent
advancements in GPS technology have made 10Hz units commercially available which
appear acceptable for quantifying movement patterns in rugby union (Castellano et al., 2011;
Varley et al., 2011). Using the MinimaxX v4.0 (Catapult Innovations, Melbourne, Australia)
operating at a sampling frequency of 10Hz, Castellano et al. (2011) found inter-device
reliability to be 1.3% and 0.7% over 15m and 30m sprinting distances. Compared to units
sampling at SHz (MinimaxX v2.0; Catapult Innovations, Melbourne, Australia), Varley et al.
(2011) also found 10Hz units to be 2-3 times more accurate for instantaneous velocity during
tasks completed at a range of velocities compared to a criterion measure, 6 times more
reliable for measuring maximum instantaneous velocity and importantly were able to detect
the smallest worthwhile change during all phases of acceleration/deceleration. Therefore

from these studies it appears that GPS units sampling at 10Hz produce sufficient accuracy to
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quantify the acceleration, deceleration and constant velocity running phases in rugby union

and other team sports (Varley et al., 2011).

More recently, the validity and inter-unit reliability of 10Hz (MinimaxX S4; Catapult
Innovations, Scoresby, Australia) units when performing team sport based movements were
assessed (Johnston et al., 2014b) using a circuit which has been used in previous research to
assess the validity and reliability of 1 and SHz units (Coutts et al., 2010; Jennings et al.,
2010; Johnston et al., 2012). The authors found that 10Hz GPS units were a valid and
reliable measure of total distance (TEM 1.3%), and when examining peak speed the inter-
unit reliability of 10Hz GPS units (1.64%) were a clear improvement on previous research
examining both 1 and 5Hz units (2.3-7.2%; Barbero-Alvarez et al., 2010, Coutts et al., 2010;
Jennings et al., 2010). However as the speed of movement increased, the level of error also
increased. A poor level of inter-unit reliability was evident for the distance covered, time
spent and the number of efforts performed at very high running speed (20km.h™; >10%).
Nevertheless, the inter-unit reliability for the distance covered, time spent and number of
efforts performed at low and high speed (0.00-13.99 and 14.00-19.99km.h™") demonstrated
that the level of error for the 10Hz units ranged from moderate to good (<10%) which is a
substantial improvement on what has been reported for 1Hz (<32.5%; Coutts et al., 2010)
and 5Hz units (<17%; Jennings et al., 2010) using the same speed zones. Therefore literature
suggests that 10Hz units are a great advancement in GPS technologies and may be suitable
for detecting movement in rugby union, however caution should be given when interpreting
data >20km.h™ (>5.5m.s") (Johnston et al., 2014b). Despite GPS units being commercially
available to sample movement at 15Hz (SPI-ProX; GPSports, Canberra, Australia), Johnston
et al. (2014b) found that 10Hz units are capable of detecting movement demands with
greater validity and reliability (Johnston et al., 2014b). However Johnston et al. (2014b)
found 15Hz units exhibited greater validity and reliability in measuring movement demands

compared to 1 and SHz units in previous studies (Coutts et al., 2010; Jennings et al., 2010 ).
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Caution has also been given in literature when assessing high acceleration and deceleration
(>4m.s*) movements between different units and models sampling at 15Hz (Buchbheit et al.,
2014). Positioned together on a sled towed during a standardised running routine, fifty 15Hz
units (15 SPI-proX, chip version 2.3.4; and 35 SPI-proX2 (17 SPI-proX2a, chip version
2.6.1; and 18 SPI-proX2b, 2.6.4), 15Hz, GPSports, Canberra, Australia) displayed small to
very large between model differences and very large between-unit variations (e.g. 56%,
deceleration >4m.s%). Buchheit et al. (2014) also assessed the effect of software updates on
measures derived from GPS and found that one update led to large and small decreases in the
occurrence of accelerations and decelerations respectively. Therefore the authors recommend
that care is applied when comparing data collected with different models or units, or when

updating software.

To enhance the accuracy of detecting short-high acceleration and deceleration movements,
many units contain tri-axial accelerometers. These accelerometers incorporate the
measurement and quantification of contacts which would not only remove subjective
analysis, but would provide a much a greater understanding of the physical demands of
rugby union, especially for forward players who are involved in greater contact and static
exertion events. Tri-axial accelerometers are highly responsive motion sensors used to
measure the frequency and magnitude of movement in three dimensions (anterior-posterior,
mediolateral and longitudinal). Accelerometers have a higher sample rate compared to GPS;
for example MinimaxX units (Catapult Innovations, Scoresby, Australia) contain a tri-axial
piezoelectric linear accelerometer system which samples at 100Hz (Boyd et al., 2011). The
reliability of accelerometers within and between MinimaxX 2.0 devices both in the
laboratory and in the field during semi-professional Australian rules football was previously
investigated by Boyd et al. (2011) using the measure ‘player load’; a measure calculated
from the instantaneous rate of change of acceleration and deceleration in the forward,
upward and sideward directions (Figure 2.2; Aughey et al., 2011a). That is, it measures all

acceleration and deceleration in all directions (Young et al., 2010).
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Boyd et al. (2011) showed accelerometers have good within and between reliability for both
static (CV 1.0% and 1.0% respectively) and dynamic laboratory trials (CV 0.91-1.05% and
1.02-1.04% respectively). Furthermore, when ten semi-professional Australian rules
footballers wore two mimimaxX accelerometers taped together during match-play, results
indicated that all differences in player load between units were < 2.80%, and relationships
between data from devices on the same individual ranged between r=0.996 and r=0.999
(Figure 2.3). Both the laboratory and field setting measurement error was less than the signal
(SWC 5.88%), therefore the authors suggest accelerometers within may be suitable for

detecting physical activity in team sports (Boyd et al., 2011).

The potential advantage of using player load is that it accumulates from non-running
activities such as kicking and jumping, and impacts in tackles and collisions. Young et al.
(2012) explain that because acceleration is proportional to force, player load may provide a
useful measure of the total load applied to a player in a team sport. Although unpublished,
observations have shown player load relates strongly to total distance measured by GPS units
in Australian rules football (r=0.898; Aughey and Boyd, unpublished observations in
Aughey et al., 2011a).
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Player load therefore provides a quantification of the physiological impact of performance
but it does not give a measure of the frequency or extent of physical contact from collisions.
However, research suggests that tackle detection; a feature of the MinimaxX unit (Catapult
Innovations, Melbourne, Australia) which incorporates accelerometers, gyroscopes and
magnetometers imbedded within the unit, provides a valid quantification of the contact load
in rugby league (Gabbett et al., 2010). Gabbett et al. (2010) assessed the validity of the
minimaxX tackle setting by comparing collisions automatically recorded from the GPS units
of 30 professional rugby league players compared to those coded from video recordings
during 21 training appearances and 1 trial match. For a collision to be detected, the unit was
required to be in a non-vertical position; meaning the player was leaning forwards,
backwards, or to the left or right, and a spike in the instantaneous player load was required
shortly before the change in orientation of the unit. Collisions were defined as (i) mild -
contact made with player but able to continue forward progress/momentum out of tackle, (ii)
moderate — contact made with player, forward progress/momentum continued until tackled
and (iii) heavy - contact made with player, forward progress/momentum stopped, and forced

backwards in tackle. In total 237 collisions were coded.

No significant differences were detected in the number of mild, moderate, and heavy
collisions detected via the mimimaxX units and those coded from video recordings of the
events, and a strong correlation (r=0.96, P<0.01) was observed between collisions recorded
via the mimimaxX units and those coded from video recordings of the events (Gabbett et al.,
2010). Therefore the authors concluded that minimaxX units (Catapult Sports, Australia) are
valid in determining the locomotion characteristics and the number and extent of physical
collisions in rugby league (Gabbett et al., 2010). However with contact situations likely to
vary between rugby codes (e.g. scrums and rucks when body orientation does not necessarily
change following impact), further research is required to validate ‘tackle detection’ in rugby

union.

Another attempt of quantifying player collisions using accelerometers within GPS units has
been made by McLellan et al. (2011b) (SHz; GPSports, Canberra, Australia) in rugby league.
Using a zone classification system as a basis for analysis (Table 2.2), collisions were
quantified and compared to those from video analysis for validation. However, McLellan et
al. (2011b) found the average number of ‘impacts’ performed per player (830 + 135) were
very much different to the actual number of tackles (14.9 + 10.5) and hit ups (10.2 + 3.8)
coded from video. Even when changes of direction while running, and minor collisions with
the ground and opposing players were excluded from their data, an average of 464 ‘impacts’

involving moderate to severe collisions with players were recorded per player. Therefore
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despite advances in understanding the physiological load associated with performance,

further research is required to validate contact detection measures in rugby union.

Tri-axial accelerometers and gyroscopes within minimaxX units (Catapult Sports,
Melbourne, Australia) have also been utilised to enhance the detection of repeated high-
intensity exercise (RHIE) bouts. With the tackle detection setting shown to be valid in rugby
league (Gabbett et al., 2010), Gabbett et al. (2011) modified previous definitions of a RHIE
bout (Austin et al., 2011a; Spencer et al., 2004) so that it may be automatically detected and
defined as three or more high acceleration (>2.79m.s?), high-speed (5m.s™") or contact efforts
with less than 21s recovery between efforts. The automatic detection of acceleration efforts
in addition to sprinting and contact thus allows the inclusion of many of the high-intensity

intermittent bursts in rugby union that do not allow the attainment of high-speed.

Another custom setting which may account for short high intensity efforts is ‘exertion
index’. Exertion index was established to measure cumulative physical load based on the
sum of a weighted instantaneous speed, a weighted accumulated speed over 10s and a
weighted accumulated speed over 60s (Wisbey, 2010). This computation ensures that both
short sharp efforts and long sustained efforts are accounted for. The weighting is based on a
polynomial relationship in which higher speeds were given a higher exertion value (in
arbitary units) than lower speeds (Wisbey, 2010). At present no literature has examined
exertion index in rugby union, however in Australian rules football exertion index has
previously been demonstrated to be a distinguishing measure between top four and bottom

four teams (Wisbey, 2008; Wisbey, 2010).
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2.2.3. Summary

Traditionally, the labour-intensive nature of retrospective video recording analysis makes
such analysis prolonged with feedback often restricted to a few players. Also, due to the
complex movement patterns and varied nature of game play considerable subjectivity may
exist when interpreting data making comparison between coders and studies potentially
problematic. Despite advances in TMA technologies through automated analysis,
methodological issues still remain when assessing rugby union; with considerable manual

input and potential measurement inaccuracies.

Advancements in GPS technology have allowed for the accurate, detailed and automated
analysis of movement in rugby union which may be assessed in ‘real-time’ improving the
effectiveness of movement analysis for impacting and analysing performance. In particular,
units sampling at frequencies of 10Hz have been shown to have acceptable reliability and
validity to analyse movement in team sports, however some caution should be given when

analysing high-speed movements.

With tri-axial accelerometers imbedded within the units, research exists to suggest that the
number and extent of collisions may be quantified during performance. Not only would this
remove a great amount of manual coding that would need to be performed post-match, but
knowledge of the physical demands of rugby union may be enhanced. However further
research is required to validate contact measures within rugby union. Through the use of
accelerometer data, automated details of RHIE efforts and short-sharp accelerations may be
investigated. Custom parameters (e.g. player load and exertion index) may also provide
global measures of physiological load however validation of these measures in rugby union

is required.

2.3. Analysis of movement in rugby union
2.3.1. Distances covered

Time motion analysis studies have reported variances in total distance covered during match-
play in rugby union (Austin et al., 2011b; Deutsch et al., 1998; Lacome et al., 2013; Quarrie
et al., 2013; Roberts et al., 2008). For example, outside backs have been reported to cover
distances between 4744 + 1017m (Austin et al., 2011b) and 8079 = 539m (Lacome et al.,
2013). The reason for varied findings may be related to several methodological factors

including those described in section 2.2, the level of rugby assessed (e.g. Quarrie et al., 2013
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vs. Deutsch et al., 1998), the time of year research was conducted (e.g. Roberts et al., 2008)
and the number of games assessed within the study (e.g. Quarrie et al., 2013 vs. Deutsch et
al., 1998). However commonalities have been found between studies, with greater distances
reported for backs compared to forwards (e.g. Austin et al., 2011b), and loose forwards (e.g.
back row) covering greater total distances than tight forwards (e.g. prop, second row)
(Roberts et al., 2008). For example, Roberts et al. (2008) reported total distances of 5408 +
702m, 5812 + 666m, 6055 + 455m and 6190 + 929m for tight forwards, loose forwards,

inside backs and outside backs respectively.

In addition to positional differences in total distances covered, research demonstrates
differences in distances covered at different speeds (Quarrie et al., 2013). Following six
years of data collection from International ragby by TMA, Quarrie et al. (2013) conducted a
cluster analysis of movement analysis; placing players into positional groups which display
similar activity and movement patterns. The authors found very little similarity between
forwards and backs groups (1-8 and 9-15), and found positional differences within each
group. Within the forwards, differences in running demands at higher speeds, in particular by
flankers were notable. Props covered greater distance than flankers between 2-4m.s™;
between 6-8m.s”’ flankers moved further than hookers, props and locks, number 8s moved
further than hookers and props, and hookers and locks moved further than props; and above
8m.s” flankers and number 8s moved further than props and hookers (Quarrie et al., 2013).
Within the backs, wingers and fullbacks travelled further than half backs under 2m.s’
however scrum halves covered greater distance at 2-4m.s™ and 4-6m.s™' than wingers and all
other backs respectively. Furthermore, above 8m.s”' wingers travelled greater distances than
half backs. The authors highlight the specialised role of the scrum half, who displayed
different movement patterns to any other positional group. Furthermore, the distinctive
movement patterns of outside backs, in particular wingers are highlighted by the findings of
Quarrie et al. (2013). Compared to previous research these findings suggest that the grouping
of players (e.g. forward or loose forward) when analysing the performance characteristics of
rugby may not reflect specific positional demands. Furthermore they question the inclusion
of hookers as ‘tight forwards’ due to their movement profiles. Despite similarities between
groups, these findings not only highlight physical differences in performance, but suggest
that the physiological characteristics, preparation and recovery of players may be specific to
each position. Nevertheless, analysis of players when grouped showed that tight and loose
forwards, and inside and outside backs covered greater distances above 5m.s” than those
reported by English Premiership players (Roberts et al., 2008). Although the later study was

conducted using a much smaller sample size, Quarrie et al., (2013) suggest that international
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rugby is characterised by greater distances at higher speeds, which may be a key

distinguishing factor between elite club and international rugby.

The two earliest studies to use GPS in rugby union assessed the movement patterns of a
forward and a back during a single match (Coughlan et al., 2011; Cunniffe et al., 2009). Both
studies reported distances much greater than those reported in TMA (6427 and 7002m,
Coughlan et al.,, 2011; 6680 and 7227m, Cunniffe et al., 2009). These reasons may be
methodological; for example, both studies only assessed two players, also previous TMA
studies only assessed the movements of players when the ball is in play (e.g. Quarrie et al,
2013).

A recent comprehensive GPS analysis of English Premiership rugby has been published
using 440 data files from 120 players, collected from 44 matches using GPS units (SPI Pro,
GPSports) which recorded movement profiles at SHz (Cahill et al., 2013). Similar to
previous research (Cunniffe et al., 2009; Quarrie et al., 2013), backs covered greater
distances than forwards (6545m vs. 5850m) at a greater rate (71.1m.min"" vs. 64.6m.min™").
Backs moved predominantly in the lowest speed category (46.3%) whereas forwards covered
most of their distance (46.2%) whilst jogging. Furthermore, backs moved more (36.9%) in
the standing and walking category, but covered more of their total distances sprinting
(35.4%) than the forwards (Cahill et al., 2013) Positional findings were similar to those
reported by Quarrie et al. (2013). Scrum halves travelled furthest during matches (7098m,
78.5m.min") and the front row the least (5158m, 62.3m.min"); a difference of nearly 2km,
or 37.6% (Cahill et al., 2013). Outside backs were distinguished by their attainment of the
highest peak speed (31.7km.h™") and their movement in the slowest speed category (51.9% of
total distance) being a significantly higher proportion than the other positions. These findings
reiterate the distinctive movement patterns of outside backs as identified by Quarrie et al.
(2013). Additionally, they covered twice as much distance in the sprinting category than
inside backs. In the forwards, the front row covered almost 50% of their total distance
‘jogging’, which was significantly more than any other group. The open-side flanker was
found to cover the most distance relative to playing time within the forwards (66.7m.min™")

which was comparable to the left wing and full-back positions.

The findings of Cahill et al. (2013) re-iterate many of those by Quarrie et al. (2013) however
it should be noted that comparison of values to other studies should be done with caution due
to the criteria used to distinguish locomotion variables. Traditionally arbitrary pre-
determined absolute velocity thresholds have been used to distinguish movements. For
example, high-speed running has been categorised as movement above Sm.s” in many

studies irrespective of the sport played or the sex, level or age of athlete (e.g. Gabbett et al.,

28



2010; Gabbett, 2013a; McLellan et al., 2011b). However, unique to the research by Cahill et
al. (2013) was that player’s time in speed zones were based on their maximum running speed
(Viax) determined from any game played throughout the season analysed. The authors state
that peak match speeds that can be attained by the backs can be as much as 37% greater than
players in the forwards (Duthie et al., 2003a). With lower work to rest ratios, forwards
recovery times may never allow the attainment of maximal speed, thus the authors argue that
forwards intensity profile may be misrepresented. However, it may also be argued that if
maximal speed is not attained by forwards during performance V,,, may be somewhat
submaximal, therefore distances covered at high-speed may be overestimated in some
positions, in particular forwards. Indeed Cabhill et al. (2013) found that collectively forwards
averaged 369m sprinting (81-95% V.,) whereas backs averaged only 323m which is
inconsistent to previous research. Dwyer and Gabbett (2012) also identify that given a
proportion of field sports sprints involve maximal efforts of a short duration (~1-2s), a
limitation of setting a velocity threshold is that it fails to capture short-duration, effortful
movements that start at low velocities but do not achieve the sprinting velocity threshold.
Furthermore it has been demonstrated that the metabolic cost of running at a constant
velocity is significantly lower than the cost of acceleration (di Prampero et al., 2005;
Osgnach et al., 2010), therefore being able to detect these efforts are important for

quantifying physiological load and performance.

Recently Lacome et al. (2013) reported acceleration values derived from displacement data
captured from TMA. The authors found positional differences, with mean maximal
acceleration duration significantly higher in the backs compared to the forwards (3.67 + 0.35
vs. 3.24 + 0.39s, respectively; p<0.05). Back rows were shown to have the highest mean
acceleration value, compared to front rows, inside backs and outside backs (2.50 + 0.95, 2.41
+ (.89, 2.38 + 0.90 and 2.34 + 0.98m.s”, respectively; p<0.001). Inside backs and outside
backs both had significantly lower mean acceleration values than front rows (p<0.05), while
outside backs had significantly lower mean values than inside backs (p<0.05). Furthermore,
back rows had a lower percentage of acceleration values ranging between 1 and 2m.s than
the other sub-groups with a higher percentage of acceleration values >3m.s™ than inside
backs and outside backs in the medium-intensity run, jogging and walking standing zones.
Therefore these findings support previous suggestions that forwards perform a greater
number of maximal efforts of short duration which may not be detected by traditional

movement classifications.

In attempt to detect maximal efforts which do not allow attainment of maximal speed, Dwyer

and Gabbett (2012) have established a new definition for determining sprints using
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acceleration data at each velocity range. Using 125 data sets (5 complete games from 5
individuals in 5 different team sports) the highest 5% of accelerations within each velocity
range were used to determine a threshold, over which a movement may be considered as a
sprint. Thus a sprint may be defined as when a) a movement reaches or exceeds the sport
specific sprint threshold velocity for at least 1s and b) the acceleration of a movement occurs
above a threshold which corresponds with the highest 5% of accelerations in the associated
velocity range. When assessing the movement of a male soccer player during performance,
the authors found the player performed 125 sprints using the new definition compared to 19
when using to using the traditional definition for sprinting (>5.6m.s™"). Further research is
required to establish thresholds in rugby union, however Dwyer and Gabbett (2012) have
proposed a method of assessing sprint efforts which may be suitable to the short, sharp

movement demands of rugby union; particularly within the forward players.

2.3.2. Physical contacts

In addition to the running demands of performance, players frequently engage in physical
collisions during attack and defence, therefore for practitioners to gain further knowledge of
the physiological demands of performance, contact demands need to be assessed (Johnston et

al., 2014b).

Physical contacts during match-play have typically been assessed as ‘static’ activities in
research, banding together movements such as rucks, mauls, tackling and scrums (Duthie et
al., 2005; Roberts et al., 2008). The most comprehensive analysis of physical contacts during
performance was performed by Quarrie et al. (2013) who found large differences between
forwards and backs in International rugby using TMA. On average the number of tackles
made per game was greater within the forwards compared to the backs (~7-13 vs. ~4-9), with
the most number of tackles made by starting flankers (13.0 + 5.7) and the least amount made
by starting full backs (3.8 + 2.5). Furthermore, when in possession the average number of
rucks attended ranged from ~18-24 in the forwards (hookers to props) which was
significantly greater than the number attended by backs (~3-10), with starting props and
midfield backs attending the most amount of rucks in the forwards and backs respectively
(24 + 10 and 9.7 % 5.5 respectively). When not in possession the number of rucks attended
was less than when in possession, however similar trends were shown between forwards and
backs, with starting flankers and midfield backs attending the most amount of rucks in the
forwards and backs respectively (8.7 + 5.0 and 3.4 + 2.5). Quarrie et al. (2013) also found

large differences between and within forwards and backs for the total time spent in scrums,
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rucks and mauls. For example, number 8’s were found to spend the longest combined time in
scrums, rucks and mauls (3:37 + 0:54min) while scrum halves spent the least time engaged
in these activities (0:23 + 0.16min). The greater number of static exertions may help explain
why forwards, in particular tight forwards cover greater distances under 4m.s” (Quarrie et
al., 2013). Quarrie et al. (2013) also found that the average number of scrums per game in
were 25 which is comparable to other TMA research in International rugby using similar
methods, which found on average 22 scrums were performed per match (Lacome et al.,

2013).

To date no studies have been conducted to detect the number of physical contacts from
match-play in rugby union, however as described in section 2.2.2 (Gabbett et al., 2010;
McLellan et al., 2011b) GPS technologies are advancing so that the potential for automated

tackle detection and quantification is a possibility.

2.3.3. Work to rest patterns

To assist understanding of the physiological demands of performance, studies have assessed
the duration and frequency of ‘work’ efforts. Research demonstrates that the time spent in
high intensity effort is relatively brief during match-play (e.g. 15% of total time; Deutsch et
al., 1998). Furthermore, including activities requiring static exertion (e.g. scrummaging,
rucking, mauling) as high intensity exercise, studies using TMA have found positional
differences in the nature and duration of high-intensity activity performed. Roberts et al.
(2008) found that forwards spent 12% of their playing time in high-intensity activities,
sprinting on 16 occasions, while backs spent 4% of their time in high intensity activity but
sprint an average of 23 times (Roberts et al., 2008). These findings are similar to those of
Duthie et al. (2005) who found that time spent ‘working’ was significantly different between
forwards and backs (12:22 + 3:39min vs. 4:51 + 1:15min respectively; p<0.05), with
forwards performing approximately 50 more ‘work’ events compared to the backs (122 + 21
vs. 72 + 23 respectively, p<0.05). These TMA studies help explain previous findings that
tight forwards cover the least absolute and relative distances (Quarrie et al., 2013; Cahill et
al.,, 2013), as their primary roles are to contest possession at set-pieces and break downs
(Quarrie et al., 2013) and in doing so they engage in more static activity, involving pushing

and pulling actions, than that of the backs (Roberts et al., 2008).

Using GPS sampling at 1Hz, Cunniffe et al. (2010) found mean work to rest ratios of 1:5.7

and 1:5.8 between backs and forwards respectively, with rest periods distinguished as any
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’low-intensity’ movement between 0-8km.h”'. However, the distinction of work and rest
periods in this study may greatly underestimate the extent of work done as activities such as
rucks, scrums and mauls may register as ‘low-intensity’ movement. Therefore although the
findings by Cunniffe et al. (2010) give an indication of the intermittent nature of elite rugby
union, it may not provide a true reflection of work rates, in particular for forwards who

perform a greater number of activities in ‘static’ exertion (Quarrie et al., 2013).

Using TMA, Lacome et al. (2013) present a novel way of assess work to rest patterns using
motion data collected from 67 international player files by Amisco Pro® (Sport Universal
Process, Nice, France). Using measures derived from an intermittent progressive running
test, displacement at velocities higher than velocity corresponding to blood lactate
concentration of 4mmol.L"' (VLa4) and static activity were considered as exercise, and
activity lower than VLa4 as recovery. Using these criteria, exercise to rest ratio (E:R) was
calculated by dividing exercise period duration by the following recovery duration. For each
period of exercise corresponding to running, mean exercise velocity was calculated and sub-
divided into medium-intensity running velocity (medium-intensity run, ranging between
VLa4 and maximal aerobic velocity) and supramaximal running velocity (higher than
maximal aerobic velocity). Using this method, mean work to rest ratio was 1:6.5 and 1:8.5 in
forwards and backs respectively (Lacome et al., 2013) which demonstrates longer rest but
similar positional differences compared to previous TMA studies (Roberts et al., 2008;
Austin et al.,, 2011b). The authors found that the total number of exercise bouts were
significantly lower in backs than in forwards (137.1 + 28.8 vs. 178.7 + 25.7, respectively;
p<0.05). Furthermore, the number of exercise efforts were similar in front rows compared to
back rows (185.9 = 29.3 and 172.2 + 29.3, respectively) and significantly higher in inside
backs that in outside backs (155.4 + 13.9 and 118 + 16.1 respectively, p<0.05). Inside backs
however performed a lower number of exercise efforts than front rows (p<0.05), while
outside backs performed less than back rows (p<0.05). Lacome et al. (2013) also found that
front row and back rows showed similar mean total exercise times (11.9 + 1.3 and 11.2 +
2.6min respectively). Inside backs showed a mean total exercise time of 10.0 + 1.4min,
which was similar to back rows, shorter than front row (p<0.05) and longer than outside

backs (7.1 + 1.3min, p<0.05).

Although the total accumulated time that players engage in high-intensity exercise during a
match may be brief, it has been suggested that the ability of players to perform repeated
bouts of high intensity may be critical to the outcome of the game (Spencer et al., Roberts et
al., 2008; Austin et al., 2011a). Austin et al. (2011a) assessed the RHIE characteristics of

players during performance using a modification of previous work by Spencer et al (2004)
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with a RHIE bout being defined as three or more sprints, scrums/rucks/mauls, and/or tackle
efforts with less than 21s recovery between high-intensity efforts. Outside backs were
involved in significantly fewer (p<0.05) total RHIE bouts in each game (7 + 3) compared
with the front row forwards (15 + 3), the back row forwards (17 + 4) and the inside backs
(16 £ 2). Furthermore, average duration of RHIE bouts for the front row forwards and back
row forwards were 45 + 9 and 52 + 7s respectively, each of which were significantly greater
than the average durations for the inside backs (26 + 4s, p<0.05) and outside backs (28 + 4s,
p<0.01).

Despite characterising work to rest patterns the studies presented have not included
acceleration/decelerations as high-intensity exercise therefore work to rest patterns and
RHIE characteristics may have been mis-represented. As described in section 2.2.2.,
advances in GPS technologies allow automatic detection of RHIE characteristics, including
the detection of high acceleration movements and physical contacts, thus GPS may be used
to enhance knowledge of RHIE characteristics. However no research has been conducted in

rugby union to examine the RHIE demands of players using GPS software.

2.3.4. Temporal patterns in performance

Investigating how performance characteristics change throughout performance may further
aid the preparation of players for specific periods of the match. Roberts et al. (2008)
compared movement patterns between the first and second half and found no differences
between halves for total distance covered (3020 = 302 vs. 2987 + 359m), distance covered in
high-intensity running and sprinting combined (‘running work; 223 + 132 vs. 208 + 94m)
and time spent in high intensity activity (3:11 £ 2:06min vs. 2:57 + 1:57min). Analysis of the
distances travelled over successive 10min periods of match-play revealed some interesting
findings, with greater total distance covered in the first 10min compared with the periods of
50-60 and 70-80min. However, no differences were found between 10min time periods for
distances travelled in high-intensity running, sprinting or ‘running work’, and there were no
differences between the total, average or maximum time spent in high-intensity activities or
in static exertion over the 10min periods. Previous research in football has shown that when
games are broken down into Smin periods, the most intense periods of high-intensity precede
a significant deterioration in high-intensity activity (Mohr et al., 2003). The notion of
‘temporary fatigue’, whereby high-intensity activity is significantly reduced immediately
following an intense bout but subsequently recovers later in performance was not found by

Roberts et al. (2008), however due to limitations associated with TMA, the quality/speed of
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movement and quantity of static exertion could not be determined. The findings of Roberts et
al. (2008) therefore suggest that fatigue during performance may be most evident in recovery
from high intensity and RHIE recovery efforts which may be characterised by an inability to
maintain defensive position or run supporting lines in attack. Therefore from the findings of
Roberts et al. (2008) it is suggested that ‘temporary fatigue’ in rugby union may be

manifested in the ability to maintain ‘low’ intensity activities.

To date no studies have been conducted to assess the temporal movement patterns in rugby
union using GPS. However, a recent assessment of 185 professional rugby league players
from 28 National Rugby League (NRL) games has used GPS (5Hz SPI Elite; GPSports
Systems, Canberra, Australian Capital Territory, Australia) to assess temporal movement
patterns throughout a game (Austin and Kelly, 2013). Assessed by m.min"', mean work rate
for the complete game was 85 + 4 and 86 + Sm.min"' for forwards and backs, however mean
work rate ranged between 75 to 97m.min"' and 72 to 100m.min™ for forwards and backs
respectively. Furthermore, the maximum work rate of a 10min block of match-play was 115
and 120m.min” for forwards and backs respectively. The study demonstrated that
professional rugby league players experienced decrements in most physical performance
measures during the second-half of match-play compared to the first half. They noted an 18
and 15% decrement in m.min" for forwards and backs for the last 10min of the 1st half
compared to the 1st 10min (Figure 2.4). The second half of match-play also had a smaller
percentage in performance decrement (13% forwards and 8% backs) from the first to the last

10min periods of play.
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Kempton et al. (2013a) divided rugby league performance into Smin sections and also found
that distances travelled decreased throughout each half, with meterage greater in the 0-5 and
40-45min periods compared to the 30-35, 35-40, 70-75 and 75-80min periods (p<0.001).
However Kempton et al. (2013a) found that reductions in movement were also associated
with a reduction in technical performance. Similar to the findings of Mohr et al. (2003) the
authors found that following the peak 5min of exercise intensity there were reductions in
meterage (p<0.001), quality of skill movements (p<0.001), number of involvements
(p<0.001) and collisions (p<0.001).

Coaches should also be aware of the influence physical preparedness may have on transient
fatigue during performance. Mooney et al. (2013) separated Australian rules footballers into
two groups following completion of the Yo-Yo intermittent recovery test level 2 (YYIRT2)
to compare match-play movement characteristics and found that although reductions in
m.min"', high-speed m.min"' and load.min™'were observed in both groups from the 1st to the
4th quarter, a significant decline in low-speed m.min"' was observed from the 1st to the 4th
quarter in the group which performed worse in the YYIRT2 only. The authors also found
that YYIRT2 was significantly related to m.min”', high-speed m.min’ and load.min
throughout the whole match. Mooney et al. (2013) suggest that reductions in low speed
compared to high speed movements may be evidence of ‘pacing’ whereby players sacrifice
distances covered at low speeds to compensate for the demands of high speed movement.
Similar to the findings of Roberts et al. (2008) it may therefore be suggested that player
load.min” and low-speed m.min” may be the most sensitive to detect fatigue during

performance (Mooney et al., 2013).

2.3.5. Variance and trends in movement associated with performance

As discussed in section 2.3.4., changes in markers of movement have been reported
throughout match-play in rugby union (Roberts et al., 2008). However the between match
variation of movement has not been assessed. Longitudinal research across 23 NRL matches
showed that despite total running distance showing little variation (CV 3.6%), between
match variability for high-speed (>15km.h”'; CV 14.6%) and very high-speed (>21km.h™;
CV 37.0%) running was much greater, suggesting that there may be great between game
variations in movement demands (Kempton et al., 2013b). Furthermore, when matches were
analysed in halves and 10min periods (e.g. 0-10min) the extent of between-match variation
was increased for total distance, high-speed running and very-high-speed running. Although

no research has been performed in rugby union, variances in movement as observed by
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Kempton et al. (2013b) would have great implications for understanding movement
demands. However, to understand why variances in movement may be observed between

and within matches, research is required (Kempton et al., 2013b).

Studies comparing the effect of the opposition, possession, territory, success and playing
standard on movement characteristics in rugby league (Gabbett, 2013a; Gabbett, 2013b;
Gabbett et al., 2013) and Australian rules (Aughey et al., 2011b; Sullivan et al., 2014) have
demonstrated trends which may be applied to further understand movement characteristics,
which may enhance physical preparation and rehabilitation (Kempton et al., 2013a). For
example, research has shown physical demands determined by GPS vary according to team
playing standard (Gabbett, 2013a), the opposition (Gabbett, 2013b) and team success
(Gabbett, 2013c) in rugby league. Gabbett (2013c) monitored 22 NRL players across 16
games and found players covered significantly greater (p<0.05) absolute and relative
distance at high speeds when playing against bottom 4 teams than when competing against
top 4 teams. Furthermore, notable differences were observed when players were competing
in teams winning versus losing. For example, a greater absolute and relative number of
maximal accelerations, and repeated high-intensity effort bouts were performed, and total
distance per minute of match-play and relative distance at low speeds were greater when
matches were won. Mean and maximum number of efforts in a repeated high-intensity effort
bout was also higher in winning teams, although the recovery between efforts was shorter in
losing teams. Moderate (7-17 points) and large (>18 points) winning margins were
associated with greater relative distances covered and distances covered at low speeds than

small winning margins (Gabbett, 2013c).

Converse to the findings of Gabbett (2013c), research demonstrates that the physical
demands of defending are significantly greater than those when attacking in rugby league
(Gabbett et al., 2013) and Australian rules (Sullivan et al., 2014). Gabbett et al. (2013) found
moderate to large significant differences between defence and attack for distance covered
(109 £ 16m.min” vs. 82 + 12m.min"), low speed distance (104 + 15m.min”' vs. 78 *
11m.min™"), frequency of collisions (1.9 + 0.7min" vs. 0.8 + 0.3min™"), and repeated high-
intensity effort bouts (1 every 4.9 + 5.1min vs. 1 every 9.4 + 6.1min). Repeated high-
intensity efforts were also identified to occur more frequently when defending the team’s
own try-line and when attacking the opposition’s try-line (Gabbett et al., 2013). The authors
therefore suggest that specific training drills could be designed to replicate the attacking and
defensive demands of different field positional zones, which may be effective in preparing
players for the most demanding activities that occur in professional rugby league match play

(Gabbett et al., 2013). Research in team sports also suggest that reductions in technical
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competency (Sullivan et al., 2014; Bradley et al., 2013) and losing (Sullivan et al., 2014)
correlate with increases in high-intensity movement. Therefore the increased physical
demands of players from less successful teams may increase the risk of fatigue-related

decline in performance (Sullivan et al., 2014).

Variances in movement patterns have also been identified according to the level of
competition. Research from Australian rules football identifies that running demands
increase in AFL finals games compared to regular season games, with players nearly
doubling the number of maximal accelerations in finals (Aughey et al., 2011b). Furthermore,
total player load, total distance and high-intensity running distance increased during finals

games (Aughey et al., 2011b).

The findings of the presented studies in team sports (Aughey et al., 2011b; Gabbett, 2013a;
Gabbett, 2013b; Gabbett, 2013c; Gabbett et al., 2013; Sullivan et al., 2014) infer great
implications for strength and conditioning coaches wishing to prepare individuals for ‘worst
case scenarios’ during match-play in rugby union however research is required. In addition
to assessing the effect of the opposition, possession, territory, success and playing standard
on movement characteristics in rugby union, longitudinal research could assess other factors

such as the effect of the playing conditions and substitutions on movement in rugby union.

2.3.6. Summary

Variances in motion analysis techniques have made comparisons between studies difficult,
nevertheless common positional trends have been reported which may enhance

understanding of the demands of performance.

With advancements in GPS technologies, several aspects of performance have been
identified within the section for future research, such as RHIE. Furthermore, research in
other team sports demonstrate large variances in movement which are related to several
factors associated with performance, therefore to further understand the demands of
performance in rugby union, research is required to establish between and within-match

variations, and their potential causes.
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2.4. Application of movement analysis to enhance performance and recovery in rugby union
2.4.1. Physical preparation and rehabilitation

A greater understanding of player movement characteristics such as distances covered,
distances at different speeds, work to rest ratios, types of activity, types of high intensity
activity, high intensity and repeated high intensity characteristics; together with
anthropometric and physiological characteristics of players may give an indication of the
positional requirements of performance. This in turn may facilitate the planning and
implementation of training programmes that elicit appropriate and specific physiological
adaptations in players (Austin et al., 2011a), and may be used to establish specific exercise

protocols for rehabilitation (Coughlan et al., 2011).

Drills and tests may be developed which allow progression and ultimately provide
coaches/rehabilitators a sense of preparedness of their players to meet the demands of play
likely to be encountered during competition. Dobson and Keogh (2007) recommend that
practitioners should take into account the variation of the reported values when planning.
Furthermore trends in performance should be identified (Aughey et al., 2011b; Gabbett,
2013a; Gabbett, 2013b; Gabbett, 2013¢c; Gabbett et al., 2013; Sullivan et al., 2014) which
may be used to establish situation specific training including ‘worst-case’ scenarios, which
are likely to represent the maximum periods of activity coupled with the minimum periods of

recovery.

As shown by Quarrie et al. (2013) and Cabhill et al. (2013), individual positional analysis and
repeated measures of players are likely to give more representative data of positional
demands and may also provide individual ‘norms’ from which to establish individualised

return to play protocols and/or preparedness standards.

2.4.2. ‘Real-time’ monitoring

Knowledge of position demands and expected movement patterns may enable coaches to
monitor individual and team performance during the match (Quarrie et al., 2013). Indeed it is
common for practitioners in sports such as rugby league to use real-time GPS data to inform
interchange and tactical decisions (Kempton et al., 2013b). From the research described by
Kempton et al. (2013a) in section 2.3.4., it is possible that analysts may be able to predict
phases of reduced movement and performance quality following a period of repeated high

intensity or high work rate patterns. Understanding expected typical and individual
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decrements in performance (e.g. m.min"', load.min™") during 10min periods using GPS may
therefore allow sport scientists to detect fatigue during performance from which tactical
decisions may be made. Indeed with consideration to previous research in rugby union
monitoring of work at lower intensities (e.g. cruising) may be most sensitive to detect fatigue

(Roberts et al., 2008).

Despite the potential applications of real-time monitoring, consideration should be given to
the findings of Kempton et al. (2013b) as discussed in section 2.3.5., which suggests
temporal data may be misleading when used to inform tactical decisions due to likely
between-match variation, particularly at high-intensities. Furthermore, research by Aughey
and Falloon (2010) demonstrated that real time data collected by GPS units (MinimaxX,
Team Sport 2.0, Catapult Innovations) during two elite Australian rules matches showed low
concurrent validity against data analysed post-game, with the range of error increasing at
higher-speeds. Although it was unclear as to the source of error, it is possible that
interference in the real time signal may be a partial cause of error. Therefore despite its
potential applications, the authors recommend caution when using real time data to monitor

performance (Aughey and Falloon, 2010).

2.4.3. Recovery and player management

Analysis of movement demands in rugby union may not only provide information regarding
the physiological demands of competition, but may give an indication of the mechanisms of
fatigue and the subsequent recovery response. It has been proposed and demonstrated that
increases in muscle damage from competing in rugby union are largely determined by the
extent of mechanical damage induced through physical contacts (Takarada et al., 2003;
Cunniffe et al., 2009). Following assessment by TMA, previous research has shown
correlations between creatine kinase (CK) level and the number of tackles at 24h (r=0.922,
p<0.01; Takarada et al., 2003), and number of contact events (r=0.65, p<0.05) and tackles
(r=0.63, p<0.05) at 14h (Cunniffe et al., 2009). These findings may have great application
prescribing when recovery strategies and planning training loads following competition.
However, despite exhibiting high correlations, these studies have not accounted for the
extent of running performed. Furthermore, Takarada et al. (2003) only assessed incidents
when a player was tackled or when tackles were made in front of the player therefore a large

number of contact events were not accounted for.
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Using TMA, Smart et al. (2008) investigated whether changes in CK level were correlated to
various contact and movement statistics. Twenty three players from a National Provincial
Championship team (NPC) in New Zealand volunteered to take part in the study which
observed CK levels from pre to post game in five leagune games. Transdermal exudate
samples were taken pre-game (approximately 210min prior to the start of each game) and
post-game (as soon as possible after the completion of the event, within a maximum time
window of 30min). Game statistics and video analysis were drawn from a semi-automated
vision based tracking system (AnalySports, Version AS10.0307, 2002, Palmerston North,
NZ). The identified statistics included game time, time defending, tackles made, hit-ups, first
three players on attack (being one of the first three players at the breakdown while their team
is attacking), first three players on defence (being one of the first three players at the
breakdown while their team is defending) and the number of scrums. In addition to these
statistics, total impacts (sum of tackles made, hit-ups, first three on attack and first three on
defence) and collisions per minute (impacts.min'l) were also calculated. These specific game
statistics were deemed to be important in determining the relationship between impact and
CK and were calculated for each individual player across each game. An average of 3.4 data
points were collected for each player. As Table 2.3 shows, both game time and time

defending were significantly correlated with changes in CK for both the forwards and backs.
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With multiple factors therefore likely to contribute to the initiation of muscle damage,
backwards random-effects maximum likelihood regression equations were developed by the
authors for forwards and backs in attempt to estimate changes in CK levels following
performance. The predicted CK values were moderate to highly significantly correlated with
the mean CK level for forwards (r=0.69; p<0.01) and backs (r=0.74; p<0.01), however with
research showing muscle damage and/or neuromuscular fatigue for several days following
plyometric exercise (Duffield et al., 2010; Tofas et al., 2008), repeated sprint activity
(Howatson and Milsk, 2009; Twist and Eston, 2005), non-contact team games (Ascensao et
al., 2008; Fatouros et al., 2010) and long distance endurance events (Avela et al., 1998;
Avela et al., 1999; Howatson et al., 2009), it is unlikely that the measure of game time or
time defending is likely to account for specific positional and individual variances in
movement patterns (Cahill et al., 2013; Quarrie et al, 2013). Indeed, correlations have been
shown between high-intensity running characteristics and changes in CK (Nedelec et al.,
2014; Thorpe and Sunderland, 2012; Young et al., 2012), muscle soreness (Nedelec et al.,
2014) and neuromuscular function during the recovery period in team sports (Duffield et al.,
2012; Nedelec et al., 2014). For example, Thorpe and Sunderland (2012) found that changes
in CK (ACK) from pre- to post-match correlated to the number of sprints (>5m.s™'; r=0.86),
sprint distance (r=0.89) and high-intensity distance covered (>4.167m.s™"; r=0.92) by 7

players during in a semi-professional football match.

Movement associated with acceleration and deceleration have also been shown to be
correlated to the extent of muscle damage (Young et al., 2012), muscle soreness (Nedelec et
al.,, 2014) and neuromuscular fatigue (Nedelec et al., 2014) post-match in team-sport.
Nedelec et al. (2014) assessed the movement of 10 professional football players across 4
matches, comprising 14 data files for analysis by TMA. Post-match, the authors found
significant correlations between the number of sprints performed <5m during the match and
increases in muscle soreness at 48h (r=0.74, p<0.01) and 72h post-match (r=0.57, p<0.05).
Furthermore, a significant relationship was established between the decrement in
countermovement jump performance at 24h and the number of hard changes in direction

performed during the match (r=0.55, p<0.05).

Research in team sports suggests that recovery is to some extent dependent on high-intensity
movement and physical contacts therefore monitoring the number and extent of both may
have important implications for player management during recovery in rugby union. With
advancements in GPS technology, quantification of movement and physical contacts by GPS
should give great insight to physiological load during performance. Indeed, despite

validation issues with accelerometer impact assessment as previously discussed, research
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suggests that impacts recorded (SPI-Pro, GPSports, Canberra, ACT, Australia) during rugby
league performance is correlated neuromuscular and biochemical changes post-match
(McLellan et al., 2011a; McLellan et al., 2012). McLellan et al. (2011a) showed that the
number of impacts recorded by fifteen players in zone 5 (8.1-10.0G) and zone 6 (>10.1G)
during match-play was significantly correlated (p<0.05) to ACK at 24, 48 and 72h post an
elite rugby league match. Furthermore, impacts in zones 5 and 6 were significantly (p<0.05)
correlated to changes in countermovement jump peak rate of force development and peak

power 24h post-match (McLellan et al., 2012).

Prior to utilising GPS technologies for enhancing player management in professional rugby
union, research assessing the effect of contacts and movement from match-play on recovery
needs to be conducted. However, some considerations need to be made when making
predictions of recovery from match-play, for example physical preparedness may influence
the extent of muscle damage and fatigue following match-play. Research has shown that
runners who had the greatest reductions in running pace during a marathon had significantly
elevated post-race myoglobin, lactate dehydrogenase and CK levels in comparison with
marathon runners that preserved their running pace reasonably well throughout the race (Del
Coso et al., 2013). Additionally, recent research demonstrates that post-match fatigue in
rugby league is lower in players with well-developed high-intensity running ability and
lower body strength, despite these players exhibiting greater internal and external match
loads (Johnston et al., 2014a). Thus, for two players who perform an equal volume of work
in rugby union, the player with the greater levels of physical preparedness may not display
elevations in muscle damage or fatigue as great as one less prepared. Furthermore, as
described above, Mooney et al. (2013) showed that players with lower levels of physical
preparedness may exhibit greater reductions in movement throughout match-play; therefore

increases in work done may not therefore be correlated to the extent of fatigue.

2.4.4. Summary

Research demonstrates that advancements in motion analysis, in particular GPS
technologies, may be of great importance for player preparation and management.
Knowledge of expected position and individual ‘norms’, and how they may vary according
during performance, may be used to devise training drills to provide a sense of preparedness
for performance. Research also suggests that GPS could be used to prospectively manage
players post-match, as previous research demonstrates correlations between muscle damage

and physical contacts; however no research has been performed to correlate movement
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changes and markers of muscle damage or physical function following performance,

therefore further research is required.

‘Real-time’ GPS analysis may also be used for tactical purposes during match-play; however

practitioners should be consider the current limitations of real-time analysis.
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3. Sleep, performance and recovery

Sleep is a basic requirement for human health and is recognised as an important component
of athlete recovery and performance due to its physiological and psychological restorative
effects (e.g. Leeder et al., 2012b). For example, sleep is associated with autonomic nervous
system and hormonal alterations which facilitate the restoration and development of
physiological processes (Datillo et al., 2010) and contributes to the consolidation and
enhancement of memory and motor skill learning (Walker and Stickgold, 2004). However,
the importance of sleep is most evident when restricted with studies reporting sleep
disruption may have implications for autonomic nervous system (e.g. Spiegel et al., 1999),
hormonal (e.g. Spath-Schwalbe et al., 1991), biochemical (e.g. Abedelmalek et al., 2013),
genetic (e.g. Moller-Levet et al., 2013), cognitive (e.g. Cook et al., 2011) and neuromuscular
(e.g. Bambaeichi et al., 2005) functions. Indeed research demonstrates the detrimental effect
of total (e.g. Skein et al., 2013) and partial (e.g. Souissi et al., 2013) sleep restriction on

athlete performance during periods of training and competition.

The importance of good sleep practice in elite athletes has been highlighted in the literature
(e.g. Leger et al., 2008); with Halson (2008) suggesting sleep may be the single most
efficacious recovery strategy. However, it is been suggested that frequently disrupted and
restricted sleep is a common problem for many people (Meerlo et al., 2008), with recent

literature suggesting this is also the case for elite athletes (e.g. Leeder et al., 2012b).

The following section will discuss the effect of sleep disruption on several physiological and
psychological functions, before assessing the literature assessing sleep patterns in elite
athletes. Firstly, the human sleep cycle will be described which will help enable

understanding of how sleep facilitates physiological and psychological restoration.

3.1. Stages of sleep cycle

Sleep is a functional state that comprises a complex combination of physiological and
behavioural processes. It has some characteristic manifestations, such as a cyclic pattern,
relative immobility and an increase in the response threshold to external stimuli (Santos et
al., 2007). Walker and Stickgold (2004) explain that sleep has been broadly classified into
two distinct types: non-rapid eye movement (NREM) sleep and rapid eye movement (REM)
sleep, with NREM sleep being further divided into four sub-stages (1 through 4; Figure 3.1.).
Non-REM and REM sleep alternate or ‘cycle’ through the night, with the ratio of NREM to
REM within each 90min cycle changing so that that early in the night stages 3 and 4 of
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NREM dominate, while stage 2 NREM and REM sleep prevail in the latter half of the night
(Figure 3.1.).

As NREM sleep progresses, electroencephalographic (EEG) activity begins to slow in
frequency, therefore the deepest stages of NREM, stages 3 and 4 are thus often grouped
together under the term ‘slow wave sleep’ (SWS). The different stages of sleep may have
different functions in the restoration and development of physiological and psychological

processes, which will be discussed where relevant in the following sections.

3.2. Effect of sleep disruption on physiological and psychological function
3.2.1. Autonomic nervous system (ANS)

The autonomic nervous system (ANS) is a component of the central nervous system (CNS)
controlling whole-body homeostasis by coordinating different organs and tissues in response
to external challenges. The ANS divides into two distinct systems: the sympathetic nervous

system (SNS) and the parasympathetic nervous system (PNS).

The SNS is associated with the ‘fight or flight’ response, allowing individuals to deal with
stressful situations. Physical exercise causes an increase in sympathetic activity, concomitant
with parasympathetic withdrawal resulting in higher heart rates (Al Haddad et al., 2009).
Activation of the SNS results in the release of noradrenaline (norepinephrine) from
sympathetic nerve terminals throughout the body and the secretion of adrenaline
(epinephrine) from the adrenal medulla. These catecholamines play an important role in the
regulation of energy balance (mobilisation and use of energy) and cardiovascular function

(transport of fuel and oxygen to tissues in need of energy; Meerlo et al., 2008).

As SNS activity decreases, parasympathetic reactivation occurs to facilitate recovery and
restoration of physiological functions. The time needed to restore pre-exercise ANS level has
been shown to depend on both exercise intensity and duration. High-intensity exercise
reduces the autonomic activity for longer time than submaximal exercise (Seiler et al., 2007;
Buchheit et al., 2007) and research suggests that exercise induced muscle damage (EIMD)
and the subsequent inflammatory response may temporarily attenuate parasympathetic
reactivation (Jae et al., 2010). Furthermore, research shows that greater parasympathetic
activity is usually associated with a better recovery state (Chen et al., 2011; Pichot et al.
2000) and readiness to perform (Buchhiet et al., 2009; Garet et al., 2004; Kiviniemi et al.,
2007) suggesting ANS regulation is important in facilitating recovery, and parasympathetic

reactivation is a useful indicator when monitoring the recovery status of an elite athlete.
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During sleep, the autonomic balance of cardiovascular regulation shifts to a parasympathetic
dominance, with heart rate variation (HRV) analysis showing a decrease in SNS input during
night-time sleep concomitant with an increase in PNS activity (Meerlo et al., 2008). The
change in balance is further displayed by a rapid decline in circulating catecholamines at
sleep onset, with lower levels of adrenaline and noradrenaline observed during sleep

compared to wakefulness (Meerlo et al., 2008).

However sleep deprivation has been associated with an increase in sympathetic activity
(Burgess et al.,, 1997; Spiegel et al., 1999) and catecholamine levels (Irwin et al., 1999)
towards the levels seen during wakefulness. Importantly, increased sympathetic activation
not only occurs with prolonged and continuous sleep deprivation but also with fragmented
and interrupted sleep. A number of studies suggest that the extent of increased sympathetic
activation is more related to the disruption and discontinuity of sleep than to the duration of
sleep deprivation or the amount of sleep that is lost (Ekstedt et al., 2004; Irwin et al., 1999;
Tiemeier et al., 2002). Furthermore, initiating and maintaining wakefulness in a state of sleep
debt may require a relatively higher sympathetic activation (Meerlo et al., 2008). Thus sleep
restriction may increase SNS activity both during sleep and wakefulness, which may impair

athlete recovery and readiness to perform.

3.2.2. Endocrine system

Traditionally hormones have been viewed in their role in facilitating protein synthesis and
degradation following exercise (Crewther and Cook, 2012a). Growth hormone (GH) plays a
significant anabolic role in skeletal muscle growth via an increase in protein synthesis and
reduction in protein breakdown. Growth hormones are polypeptides released from the
pituitary gland which also stimulate the cell release of insulin growth factors (IGFs) (liver
and muscle types; shown to stimulate myoblast proliferation and differentiation, inhibit
proteolysis, increase glucose and amino acid uptake and increase protein synthesis) and

stimulate the release of amino acids for protein synthesis (Kraemer and Mazzetti, 2003).

Peak plasma GH concentration generally occurs during early sleep, in temporal association
with the first phase of deep SWS (Spiegel et al., 2000). The amount of GH secreted during
the first SWS episode is correlated with the duration of SWS as well as with the intensity of
SWS, as estimated by slow-wave activity (SWA). Thus sleep has been associated as an
important process of the repair and growth of tissues (Datillo et al., 2011). However, the
importance of sleep on repair and growth is perhaps most evident by the effect of sleep

restriction on hormonal changes which impact skeletal muscle metabolism. For example,
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individuals deprived of sleep for 72h showed higher urinary excretion of urea, suggesting
greater muscle proteolysis (Kant et al., 1984). Nedeltcheva et al. (2010) also found evidence
of muscle proteolysis following partial sleep deprivation. Individuals followed a restricted
calorie diet for 14 days however they either slept for 5.5 or 8.5h each night. Although similar
reductions were found in body mass, under the conditions of sleep restriction the decrease in
fat mass was 55% lower and, interestingly, the loss of muscle mass was 60% higher. This
suggests that alterations in hormone section following sleep deprivation may promote
different effects in modulating repair and body composition, and that skeletal muscle mass

can potentially be compromised.

The findings by Nedeltcheva et al. (2010) are likely due to a shift in the release of several
hormones. For example, under situations of stress; including sleep restriction, a series of
events initiated by the hypothalamo-pituitary-adrenal (HPA) axis results in the secretion of
cortisol. Speigel et al. (1999) assessed the activity of the HPA axis of 11 men after time in
bed has been restricted to 4h a night for 6 nights, compared to 12h sleep per night for 6
nights. The authors found evening cortisol concentration was raised in the afternoon and
early evening following 6 nights of restricted sleep. Cortisol has been reported to fulfil many
different functions related to coping with stress, but it also provides an important negative
feedback signal to inhibit the primary stress systems and help restore the resting state after
successfully dealing with a stressor. In that sense, one might consider the glucocorticoids as
anti-stress hormones (Meerlo et al., 2008). However, cortisol also stimulates lipolysis in
adipose cells, increases protein degradation and decreases protein synthesis in muscle cells
resulting in greater release of lipids and amino acids into circulation (Kraemer and Mazzetti,
2003). Similar to the effects of sleep on the ANS, increased cortisol levels may not only
occur with continuous sleep deprivation but may also occur as a result of arousal from sleep

and sleep fragmentation (awakenings; Spath-Schwalbe et al., 1991).

Literature also shows that circulating anabolic hormones may be reduced following sleep
deprivation (Everson and Crowley, 2004; Cote et al., 2013). Everson and Crowley (2004)
showed that 15 days partially or totally sleep deprived rats exhibited lower levels of GH,
IGF-1 and prolactin while Cote et al. (2013) found one night of total sleep deprivation
lowered testosterone and aggression in men. Reductions in testosterone and IGF-1
concentrations may decrease the activity of pathways critical in the process of muscle cell
repair and growth (e.g. IGF-1/PI3K/AKt and mTOR pathways) and may diminish the signal
inhibition for myostatin expression, thereby promoting protein degradation (Datillo et al.,
2011; Figure 3.2.). Additionally, research indicates that testosterone has more complex
training roles outside of muscle repair and growth; in regulating adaptive physiology and

physical performance itself (Crewther and Cook, 2012a). Reductions in testosterone may
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impair calcium processes linked to muscle and contractile function (Curl et al., 2009; Estrada
et al., 2003) and motor cortex output (Bonifazi et al., 2004). In individuals with relatively
high strength levels, free testosterone is a strong individual predictor of the expression of
strength and power qualities (Crewther et al., 2011; Crewther et al., 2012). Furthermore,
Crewther and Cook (2012a) explain that testosterone is very important as a stress biomarker
and the testosterone responses to a challenge can provide information on dominance. Indeed,
winning in sports competition is often accompanied by elevated testosterone concentrations

relative to losing (Elias, 1981; Fry et al., 2011; Mazur and Lamb, 1980).

A reduction in habitual sleep of as little as 1.5h over 3 weeks has also been shown to lead to
changes in insulin sensitivity (Robertson et al., 2013). Reductions in insulin sensitivity
following sleep restriction have been shown to reduce glucose tolerance (Skein et al., 2011;
Spiegel et al., 1999) which may further explain the findings by Nedeltcheva et al. (2010)
described earlier in this section. Skein et al. (2011) assessed the effect one night total sleep
deprivation had on consecutive-day intermittent sleep performance (Table 3.1.) and muscle
glycogen content. Ten male team sport athletes performed 2 consecutive day trials, one
separated by no sleep and the other following normal sleep patterns (control), with all food
and fluid during the consecutive day trials matched and standardised between the two
conditions. On the second day, muscle glycogen concentration was lower before exercise
following no sleep compared to the normal sleep (209 + 60mmol kg™ dry weight vs. 274 +
54mmol kg dry weight, p=0.05) demonstrating the effect sleep restriction has on muscle
glycogen synthesis. Previous research suggests that a state of reduced muscle glycogen may
negatively affect exercise performance (Balsom et al., 1999); thus, Skein et al. (2011)
suggest the reduction in muscle glycogen following sleep deprivation may have contributed

to a decline in performance (Table 3.1.).

Sleep restriction therefore has potentially large implications for muscle repair and growth.
However, the effects of sleep deprivation on HPA axis activation and increased levels of
stress hormones rapidly disappear during subsequent recovery sleep (Meerlo et al., 2002).
Furthermore, literature suggests that reductions in GH following restriction may be
compensated by GH pulses occurring during waking periods (Brandenberger and Weibel,
2004), while evidence of GH secretion adaptation is evident from chronic sleep restriction
(Spiegel et al., 2000). Nevertheless, with evidence of hormonal and glycogen synthesis
disruption several days following competition (Cormack et al., 2008; Haneishi et al., 2007;
Krustrup et al., 2011; McLellan et al., 2010) and increases in training volume (Argus et al.,
2009), disrupted sleep may accentuate these disruptions and thus possibly prolong the

stress/recovery response. Furthermore, with small reductions in sleep increasing insulin
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sensitivity, chronic mild sleep deprivation may have great implications for the recovery and

body composition of athletes.
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3.2.3. Biochemistry, genetics and immune function

Sleep deprivation has been associated with alterations in cytokines which are responsible for
maintaining immune function (Meerlo et al., 2008). Indeed, Cohen et al. (2009)
demonstrated that poorer sleep efficiency and shorter sleep duration in the weeks preceding
exposure to a rhinovirus (RV-39) were associated with lower resistance to illness. In this
study, a total of 153 healthy men and women (21-55yrs) self-reported sleep duration and
efficiency (sleep duration divided by time in bed) for 14 consecutive nights prior to being
quarantined, administered nasal drops containing a rhinovirus, and monitored for the
development of a clinical cold (infection in the presence of objective signs of illness) for 5
days after exposure. Participants with less than 7h sleep during the two weeks prior to
exposure to a virus were 2.94 times more likely to develop a cold than those with 8h or more
of sleep. Furthermore, participants with less than 92% sleep efficiency during the pre-
exposure period were 5.5 times more likely to develop a cold than those with greater than

98% sleep efficiency.

Partial sleep deprivation has also been shown to alter pro-inflammatory response to an
exercise stressor. For example, Abedelmalek et al. (2013) compared two sessions at 08:00h
following a baseline night sleep (22:30-07:00h) or a night of partial sleep deprivation (22:30-
03:00h). During each session 30 healthy footballers performed 4x250m runs on a treadmill at
constant intensity of 80% of personal maximal speed with 3min recovery between each run.
Results showed that plasma concentration of interleukin-6 (IL-6) and tumour necrosis factor-
a (TNF-a) were higher (p<0.05) following partial sleep deprivation following the first and
last run, and remained elevated 60min following exercise. Thus, sleep deprivation may
exacerbate the stress response to exercise. Recently, Moller-Levet et al. (2013) demonstrated
that reductions in immunity and stress response as a consequence of sleep restriction may be
due to alterations in genetic homeostasis. The authors found that 1 week of sleep restriction
(5.70 £ 0.03h) changed the regulation of 711 genes associated with immunity, inflammation
and stress responses, when compared to ‘sufficient sleep’ (8.50 + 0.11h). Genes effected also
have implications for circadian rhythms, repair/growth, sleep homeostasis and metabolism.
With circadian rhythms controlling endocrine and metabolic rhythms, circadian disruptions
may manifest the consequences of sleep restriction (Moller-Levet et al., 2013). Furthermore,
physiological alterations following sleep restriction (as discussed previously) may further
predispose individuals to health problems. For example, increased sympathetic activity has
been associated with cardiac illness and disease (Buchheit et al., 2007), while decreased
tolerance increases risk factors for development of insulin resistance, obesity and

hypertension (Spiegel et al., 2010).
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3.2.4. Learning and motor skill retention

Sleep has also been shown to contribute to the consolidation or enhancement of memory and
motor skill learning; however sleep deprivation may not only impair this process, but may
result in a loss of previously formed experience-dependent memories (Walker and Stickgold,
2004). Previous research has demonstrated that memory consolidation (i.e. previous memory
becomes more stable) is initiated by SWS-related processes, while learning is related to
REM sleep towards the end of sleep (Gais et al., 2000). Indeed, several neuroimaging studies
have explored the possibility that patterns of brain activity elicited during initial task training
are ‘replayed’ during subsequent sleep (e.g. Walker and Stickgold, 2004). Macquet et al.
(2000) showed that activation patterns elicited during practice of a serial reaction time motor
skill task prior to sleep reappeared during subsequent REM sleep episodes. Furthermore,
when re-tested the next morning, subject’s performance had improved significantly relative
to the evening training sessions. Subsequent research also shows that the extent of
improvement during training has a direct relationship with the amount of subsequent
reactivation during REM sleep (Peigneux et al., 2003). Thus sleep, or the lack of, has an
important role in the skill and tactical development (e.g. motor skills, learning playing
patterns and learning from playing experiences), with the consolidation and enhancement of

memories associated with SWS and REM/stage 2 NREM sleep respectively.

3.2.5. Physical performance and recovery

Due to acute or chronic sleep restriction, one may assume that alterations to physiological
function (as described in previous sections) may impair performance and recovery from
exercise. Indeed, although the exact mechanisms are unclear, evidence exists (Table 3.1.) to
show that one night of total sleep deprivation impairs anaerobic performance (Soussi et al.,
2003) and recovery from anaerobic/alactic (Edge et al., 1999; Skein et al., 2013), aerobic
(Oliver et al., 2009) and intermittent (Edge et al., 1999; Skein et al., 2011) performance.
However, evidence to support the effect of partial sleep deprivation on physical performance
and recovery is less conclusive. Mejri et al. (2013) found partial sleep deprivation at the
beginning or end of the night had no effect on YoYo Intermittent Recovery Test Level 1
(YYIRT1) performance in 10 male Tackwondo players, while Abedelmalek et al. (2013) and
Souissi et al. (2008) found no effect of partial sleep deprivation at 08:00 and 07:00h
respectively the next day on repeated bike sprint performance. However, Abedelmalek et al.
(2013) found that sprint peak power and mean power decreased at 18:00h following a night
when sleep was deprived at the end (4h). Indeed research suggest that the greatest effects of

sleep deprivation on physical performance are more pronounced in the afternoon/early
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evening, and when sleep is restricted at the end of the night as opposed to the start of the
night (Bambaeichi et al., 2005; Haj Salem et al., 2013; Soussi et al., 2008; Souissi et al.,
2013; Table 3.1.). For example, Souissi et al. (2013) assessed the effects of partial sleep
deprivation on short-term maximal performances of judokas in the morning and afternoon of
the following day. Twelve male judokas performed tests to assess maximal voluntary
contraction of the elbow flexors, maximal handgrip strength and power from a 30s Wingate
test at 9:00 and 16:00h the day before and following a reference night sleep (23:00 to
06:00h), when sleep was deprived (4h) at the beginning of the night (PSDB) and when sleep
was deprived at the end of the night (PSDE). Following the reference night sleep, muscle
power and strength was significantly greater at 16:00 than 09:00h (p<0.05), however partial
sleep deprivation blunted diurnal increases in strength and power. In addition, PSDE resulted
in significant decreases of short-term maximal performance in the afternoon (p<0.01)

compared to the reference night sleep.

Research therefore suggests; despite equivocal evidence, that partial sleep deprivation may
impair subsequent performance, with detriments to performance greater when sleep is
deprived at the end of the night. It is unclear why the effects of sleep deprivation are most
evident in the afternoon/early evening, however one possible reason may be due to the effect
of sleep restriction on circadian rhythm patterns (Moller-Levet et al., 2013), as time-of-day
peaks in athletic performance have generally been reported to occur during this period (Drust
et al., 2005).

With exception to Sinnerton and Reilly (1992) and Cook et al. (2011), studies have assessed
the effect of only one night partial sleep deprivation. Cook et al. (2011) found basic skill
performance was significantly impaired by 5 nights of partially deprived sleep (3-5h)
compared to conditions of normal sleep (7-9h), however Sinnerton and Cook (1992) found
that 2.5h sleep did not affect maximum strength or swimming performance over 4
consecutive days compared to conditions of normal sleep. As discussed in section 3.2.3.,
sleep restriction of 5.7h (N.B. longer duration than any of the studies listed in Table 3.1.) for
1 week resulted in up or down-regulation of 711 genes (Moller-Levet et al., 2013), thus
future research over longer periods of partial sleep deprivation may give greater insight to

the effects of partial sleep deprivation.
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Research to examine the long-term effect of sleep fragmentation on performance is also
required due to the effects sleep fragmentation may have on ANS (Ekstedt et al., 2004) and
hormonal (Spath-Schwalbe et al., 1991) function. Furthermore, many of the studies listed in
Table 3.1. use ‘normal’ night’s as control values, thus comparisons may actually be made to
sleep deprived nights. Future research therefore needs to monitor the duration and quality of

both deprived and control sleep.

3.2.6. Psychological performance and recovery

Research demonstrates that sleep deprivation may negatively impair cognitive function
(Table 3.2.). For example, studies assessing the effect of total sleep deprivation on cognitive
performance have shown impairments to reaction time (Doran et al., 2001; Skein et al.,
2013; Van Dongen et al., 2003), memory tasks (Van Dongen et al., 2003) and subjective
ratings of sleepiness (Van Dongen et al., 2003) (Table 3.3.). Furthermore, partial sleep
deprivation has been shown to have similar effects (Table 3.3.) with the extent of impairment
sleep-dose-dependent (Belenky et al., 2003; Van Dongen et al., 2003). Van Dongen et al.
(2003) allocated individuals to either 4, 6 or 8h sleep over 14 days or total sleep deprivation
over 3 days, and compared the findings to 3 days baseline sleep. The authors found the
greatest cognitive effects were observed following 3 days total sleep deprivation, whereas 4
and 6h sleep per night resulted in significant cumulative, dose-dependent deficits in
cognitive performance. Similarly, Belenky et al. (2003) found acute dose-dependent
reductions in reaction time when subjects slept for 3, 5 and 7h sleep for a week, however
decreases in reaction time stabilised at a sub-optimal level after several days in the 5 and 7h

sleep conditions, suggesting some adaptation at a compromised cognitive state (Figure 3.3.).

Following all restriction conditions, subjects slept for 8h each night for 3 days; however
baseline cognitive function was not restored. Therefore in contrast to research by Sallinen et
al. (2012) (Table 3.3.), these findings suggest baseline cognitive function may take several
days to recover following sleep restriction (Figure 3.3.; Belenky et al., 2003).
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Research suggests that cognitive performance may be impaired due to increased perceived
task difficulty (Sallinen et al. 2012), and performance instability which includes
compensatory effort (Doran et al., 2001). Doran et al. (2001) observed variability in
psychomotor vigilance test performance during sleep deprivation, which was reflected by a
combination of normal timely responses, errors of omission (i.e. lapses), and errors of
commission (i.e. responding when no stimulus was present). Furthermore, errors of omission
and errors of commission were highly inter-correlated across deprivation in the total sleep
deprivation condition (r=0.85, p=0.0001) suggesting that performance instability is more

likely to include compensatory effort than a lack of motivation.

Sleep restriction may also have detrimental effects to well-being. Under conditions of
restricted sleep, the first signs of alterations in the way people deal with challenges appear to
be on the level of emotional perceptions (Meerlo et al., 2008). Sinnerton and Reilly (1992)
assessed the physiological and psychological effects of partial sleep deprivation (2.5h a
night) over 4 nights compared to 4 nights normal sleep for 8 swimmers and found no
decrements in back or grip strength, lung function or 50 and 400m swimming trial times.
However, the authors found sleep loss affected self-reported mood states, including
increased depression, tension, confusion, fatigue and anger, while decreasing vigour
significantly. Although no physiological effects were observed following sleep restriction by
Sinnerton and Reilly (1992), more recent research has demonstrated that physiological
function and recovery may be somewhat determined by the psychological response to a
stressor (Cook and Crewther, 2012a; Cook and Crewther, 2012b). Thus increased mood
disturbance as a result of sleep restriction may affect playing performance and subsequent

recovery.

Despite the majority of research focussing on total sleep time as a measure of sleep quality,
measures of fragmentation (e.g. awakenings) may provide important information when
assessing sleep quality. Cote et al. (2003) found that when participants were woken at
regular intervals throughout a sleep period, subjective sleepiness and mood, EEG activity
and arousal (scalp electrodes) were impaired when performing computerised tasks, possibly
due to a reduction in SWS and stage 2 NREM sleep. Lastella et al. (2012) therefore refers to
‘disrupted sleep’; which represented both periods in which sleep has been partially restricted
(e.g. sleep deprivation) and/or where sleep has been fragmented (e.g. awakenings during a

sleep period).

The effect of sleep deprivation at the beginning or end of a night on psychological function
has not received much attention relative to physiological function; nevertheless Jarraya et al.

(2013) found that reaction time of 12 male handball players was more effected by sleep
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restricted at the end of the night. However, the authors found greater disruptions to selective
and constant attention following an evening when sleep was deprived at the beginning of the
evening (Jarraya etal., 2013); therefore it is unclear whether the effects of sleep deprivation
on cognitive performance are greatest when restricted at the beginning or the end of the

night.

3.3. Sleep research in elite athletes
3.3.1. How is it measured?

The gold-standard of sleep measurement is polysomnography (PSG). Polysomnography is a
multi-parametric test which may monitor several body functions during sleep, including eye
movement (electrooculography; EOG), muscle activity or skeletal muscle activation
(electromyography; EMG) and heart rate rhythm (electrocardiography; ECG) (Penzel and
Canisius, 2006). However an integral part of analysis by PSG is made by assessing brain
activity (electroencephalography; EEG). As NREM sleep progresses, EEG activity begins to
slow in frequency. The deepest stages of NREM; SWS, reflect the occurrence of low-
frequency waves (0.5-4Hz and <1Hz; Walker and Stickgold, 2004), thus EEG allows the
researcher to not only determine the duration, but also the stage of sleep. Additional
measures may then add information of interest to enhance knowledge and/or address a
particular research question. For example, in attempt to detect sleep-related breathing
disorders, it is necessary to record several cardiorespiratory measures (Penzel and Canisus,
2006). However, despite being considered the gold standard method of sleep measurement,
PSG requires a somewhat intrusive and expensive assessment of EEG and other
physiological variables (Leeder et al., 2012b). Assessment by PSG typically requires
attendance at a sleep laboratory with specialist staff, which is not only inconvenient but does

not reflect athletes habitual sleep patterns.

The most commonly used method with elite athletes is subjective sleep questionnaires;
however, these have been shown to have a poor relationship with objective measures of sleep
(Leeder et al., 2009; Richmond et al., 2004). An alternate, objective measure of sleep is
actigraphy which has become a major assessment tool in sleep research and sleep medicine
over the last two decades (Sadeh, 2011). Actigraphy is based on small wrist-watch like
devices that monitor movements for extended periods of time. The raw activity scores (e.g.
in 1min epochs) are translated to sleep-wake scores based on computerised scoring
algorithms (Sadeh, 2011). Wristwatch actigraphy is a non-intrusive, cost-effective tool used

to estimate sleep quantity and quality which is ideally suited to the monitoring of elite
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athletes. However conflicting views have been presented as to whether actigraphy is a valid
sleep-wake indicator to be used in the assessment of sleep disorders (Pollak et al., 2001).
Nevertheless, validation studies comparing wrist actigraphy monitors with PSG report high
correlations for sleep duration (i.e. r=0.84-0.89) and moderate to high correlations for wake
time within sleep (i.e. r=0.65-0.76) (Jean-Louis et al., 1999; Sargent et al., 2014; Weiss et al.,
2010). Actigraphy has also been shown to have increased sensitivity to awakenings when
compared to self-reported sleep measures; which underestimate both duration and total
number of nocturnal awakenings in comparison to measures derived from actigraphy
(Kushida et al., 2011; Lockley et al., 1999: Wilson et al., 1998). However, actigraphy should
not be held to the same expectations as PSG. Actigraphy is one dimensional, whereas PSG
may comprise of several types of data (Ancoli-Israel et al., 2003). Furthermore, unlike PSG,
actigraphy cannot determine the stage of sleep an individual is in. It should also be
considered that individual monitors and the custom algorithms they provide will vary
between units thus one cannot assume that all actigraphy watches are valid for sleep
assessment (Sadeh, 2011). Therefore any conclusions of actigraph validity should be made

specific to the devise that is used.

3.3.2. Observational studies in elite athletes

When asked which recovery modality was perceived to be most important, previous research
has shown that athletes (n=507) perceive sleep to be the most important compared to
common post-exercise modalities including cool down, fluid replacement, supplementation,
cold water immersion, contrast water therapy and massage (Venter, 2012). However,
considering its proposed importance (Halson, 2008; Meerlo et al., 2008), a limited amount
sleep research has been conducted in elite sport compared to other recovery strategies (e.g.
cold water immersion, Leeder et al., 2012a). Nevertheless, research suggests that athlete
sleep, or the lack of, may be related to travel (Richmond et al., 2004), training volume
(Jurimae et al., 2002; Jurimae et al., 2004; Taylor et al., 1997), mood (Lastella et al., 2012)
and performance (Leger et al., 2008).

Longitudinal observations of female swimmers by PSG showed that SWS formed a very
high percentage of total sleep during peak (31%) training periods of a season, but was
significantly reduced following a pre-competition taper (16%), supporting the theory that the
need for restorative SWS is associated with increased physical demands (Taylor et al., 1997).
Indeed a meta-analysis of sleep research has shown physical exercise increases total sleep
time, delays REM sleep, increases stage 4 NREM sleep and reduces REM sleep time when
sedentary and physically active individuals are compared (Youngstedt et al., 1997).
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However, the time at which the exercise is performed may be crucial in the modulation of
sleep, as research suggests that exercise performed in the evening may disrupt subsequent
sleep (Driver and Taylor, 2000; Opp et al., 1998; Youngstedt et al., 1997). This may partly
be explained by a delay in parasympathetic reactivation (as discussed in section 3.2.1.),
which is dependent on the intensity and duration of exercise. Furthermore pro-inflammatory
cytokines (in particular IL-6) stimulated by exercise may directly mediate sleep regulation,
or indirectly by their action on HPA activation to increase body temperature, increase
cortisol secretion, decrease the amount of nREM sleep and increase wakefulness (Vgontzas
and Chrousos, 2002). Thus high-intensity, stressful exercise and/or exercise which induces
muscle damage may impair subsequent sleep, particularly when performed in the evening.
Furthermore, consideration should be given to the effect of exercise early morning training
on sleep patterns as recent research suggests exercise performed too early may in fact impair
preceding night’s sleep (Sargent et al., 2014). Seven swimmers from the Australian Institute
of sport were monitored in preparation for the 2008 Olympic games for 14 days, 12 of which
were training days beginning at 06:00. Analysis revealed that on nights prior to training
days, bedtimes and get-up times were significantly earlier, time spent in bed was
significantly shorter and the amount of sleep obtained was significantly less, when compared
to nights prior to rest days. Therefore in some sports where early-morning starts are common
practice (e.g. swimming, rowing), sleep restriction may negate the effectiveness of training

(Sargent et al., 2014).

The effect of exercise on sleep may also be related to the nature of exercise performed
(Trinder et al., 1985). Previous research has also compared sleep patterns of aerobically
trained endurance runners; power trained weightlifters and bodybuilders; athletes with mixed
anaerobic, aerobic, and power training; and an unfit, non-athletic sedentary, control group
(Trinder et al., 1985). Comparisons showed no differences between the control group and the
combined athletic group. However, the aerobic group had more SWS and NREM sleep, slept
longer, and had shorter sleep onset latencies than the power group. Therefore the findings
suggest aerobic exercise is associated with improved sleep quantity and quality in

comparison to power training (Trinder et al., 1985).

Chronic increases in pro-inflammatory cytokines have also been associated with the
development of pathologies responsible for sleep disturbances. Thus athletes subjected to
high training or competition loads and/or are not permitted sufficient recovery may be at
increased risk of disrupted sleep. Sleep disorders; specifically short sleep time and poor sleep
quality, are common complaints among athletes in a state of overreaching or suffering from
overtraining (Smith, 2000). For example, using the Recovery-Stress Questionnaire for

Athletes (RESTQ-Sport) Jurimae et al. (2004) found increased somatic components of stress
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(fatigue, somatic complaints, fitness/injury) and decreased recovery factors including sleep
quality (success, social relaxation, sleep quality, being in shape, self-efficacy) following a
six day training camp for competitive rowers (n=21), in which training volume increased by
approximately 100% (Jurimae et al., 2004). Furthermore, relationships were observed
between training volume, and fatigue (r=0.49), somatic complaints (r=0.50) and sleep quality
(r=0.58) at the end of the training period (Jurimae et al., 2004). Following a taper or de-load
period, research demonstrates that sleep quality may be restored to pre-overload values
(Hausswirth et al., 2014). However, if sufficient recovery or reduction in load does not
follow a period of heavy training, the effects of sleep disruption may manifest to further
impair physiological and psychological restoration, mood and sleep quality, continuing in a
vicious cycle and potentially spiralling to a state of overtraining, characterised by a chronic
performance plateau, increased risk of illness, inability to recover, depressed mood, general
apathy, decreased self-esteem and irritability that cannot be influenced positively by short

amounts of rest and recovery (Kellmann et al., 2010).

Disrupted sleep; and subsequently mood (Lastella et al., 2012) in athletes may also be related
to increased stress of competition or training (Mezick et al., 2009). For example, Lastella et
al. (2012) assessed the self-reported pre-competitive sleep behaviour of 103 marathon
runners and how it related to subsequent pre-competitive mood and performance. Results
revealed that on the night before competition athletes slept well under the recommended
target of eight hours of sleep for healthy adults, with almost 70% of athletes experiencing
poorer sleep than usual. The authors reported anxiety, noise, need to use bathroom and early
event times amongst most commonly reported causes of disrupted sleep in athletes on the
night prior to competition. Furthermore, negative moods of fatigue and tension were both
significantly negatively correlated with pre-competitive relative sleep quality and total sleep
time, tension was positively correlated with the number of awakenings and vigour was seen
to be significantly positively associated with relative sleep quality. However it is often
unclear whether disrupted sleep precedes alterations to mood, or whether it is a symptom of
increased psychological stress (Leeder et al., 2012b). Fietze et al. (2009) also observed
increases in sleep disruption prior to an event; in professional ballet dancers leading up to a
premiere. Using wrist actigraphy, the authors found significant reductions in sleep duration,
from 418 + 43 to 391 + 42min, and sleep efficiency, from 81 + 4 to 79 + 5% which although
may have been as a consequence of accumulative training volume is likely a reflection of
increased anxiety associated with performing (Fietze et al., 2009). Disrupted sleep did not
demonstrate any significant relationship with relative performance in the Lastella et al.
(2012) study; however the authors propose that disrupted sleep for one night may not be

sufficient to overwhelm most athletes’ self-regulatory mental skills. Nevertheless, with the
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evidence presented in section 3.2., it may be that long-term or repeated life stressors may
have accumulative effects on physiological and psychological performance and recovery by

repeatedly disrupting sleep.

In addition to assessing sleep patterns leading up to an event, previous research has also
assessed sleep patterns pre and post team sport competition (Richmond et al., 2004).
Assessing 10 Australian rules footballers using actigraphy (Micro Mini-Motion Logger,
Ambulatory Monitoring Inc., Ardsley, NY) and subjective sleep quality questionnaires,
results interestingly showed an increase in sleep the night before the game compared to the
average of 5 non-game related night’s sleep (baseline). However, following the game sleep
duration was significantly decreased below baseline (p<0.05). The authors also found a
significant difference between sleep duration between home and away games post match
(p<0.05), which was suggested to be as a consequence of traveling following competition
(Richmond et al., 2004). The reason for improved sleep the night before a game was
proposed to likely reflect a belief that a good night’s sleep will maximise game performance
the next day (Richmond et al., 2004). Indeed, research has demonstrated that an extended
period of sleep extension (5-7 weeks; minimum 10h) improves physical and cognitive
performance, as well as well-being (Mah et al., 2011). However research also shows that
short term sleep extension (3 days) does not return physiological (Pejovic et al., 2013) or
cognitive (Belenky et al., 2003) performance levels to pre-sleep deprived levels following a
period of restriction. Nevertheless, with recent research showing a relationship between
individual perception of recovery and subsequent performance (Cook and Beaven, 2013),
increasing pre-match sleep duration may be an important component of individual’s
preparation. In addition to the large physical and psychological demands associated with
competition, athletes may have disrupted sleep post-match due to several other factors
associated with performance (e.g. caffeine, Youngstedt et al., 2000) and post-match activity

(e.g. alcohol consumption, Feige et al., 2006).

Due to the large physical and psychological demands associated with competition, travel and
varied time of competition it may be difficult to control some of the factors which influence
the extent of intra-individual variation in sleep patterns. However Mezick et al. (2009)
suggest that irregularity in sleep from night to night may be related to increased
physiological and self-reported psychosocial stress. Therefore, in addition to sleep duration
and quality, intra-individual variation should be monitored in athletes; particularly with
individuals who compete and travel regularly. It may also be important to try and identify
when sleep is most disrupted and/or the potential underlying reasons why sleep is disrupted

and provide potential interventions or advice to try and enhance sleep quality and/or reduce
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the extent of variability in sleep patterns. Coaches should also be aware of the effect of travel

or training schedules may have on sleep variation.

Coaches and sport scientists should also attempt to identify individuals who are most
susceptible to disrupted sleep. Research by Leeder et al. (2012b) showed in general, athletes
(n=46) appeared to get a comparable quantity of sleep compared to the control group (n=20)
when 4 nights of non-competition night sleep were assessed; however, there were significant
differences between controls and athletes for all other variables (Table 3.4.), suggesting
quality of athlete sleep was inferior. Furthermore, Leeder et al. (2012b) highlight that the
elite athlete group also had considerably larger measures of spread (SD) for every sleep
variable compared with the control group, suggesting there was considerable individual
variation. Indeed, when assessing individuals on a case by case basis, the authors report that
many individuals had comparable sleep to the control group; however, only certain
individuals displayed signs of sleep disruption. Thus within a group of athletes, sleep quality
may vary considerably which may be due to several factors, including individual tolerance to
physical load or stress associated with training/competition or other life stressors (Leeder et
al., 2012b).
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3.3.3. Methods to enhance sleep quality

Several methods have been proposed to enhance sleep quality in literature (Table 3.5.).
Indeed research shows sleep hygiene recommendations can improve ensuing post-exercise
recovery in athletes (Duffield et al., 2013). Sleep hygiene may refer to behaviours that
promote improved sleep quantity and quality by avoiding behaviours which interfere with
sleep patterns (e.g. Table 3.5., Halson, 2008). For example, the consumption of caffeine prior
to bedtime may be detrimental to sleep quality and quantity (Bonnet and Arand, 1992;
Youngstedt et al., 2000). Bonnet and Arand (1992) found that caffeine (>100mg, e.g. 250ml
coffee) within 2h of bedtime increased sleep latency, decreased SWS, and decreased total
sleep times (Bonnet and Arand, 1992). These findings may have greatest implications for
players who use large amounts of caffeine for performance enhancement and are therefore

more likely to experience disrupted sleep post-match.

Sleep hygiene may also relate to the inclusion of behaviours and strategies which may
enhance sleep quality and quantity (Table 3.5.). For example, research suggests tart cherry
juice concentrate; which contains a high concentration of melatonin, may increase total sleep
time and sleep efficiency when supplemented daily (Howatson et al., 2012). Furthermore,
several practical suggestions are recommended in literature (Table 3.5.), including the
gradual reduction of night-time light exposure prior to bedtime (Duffield et al., 2013) as light
has been shown to suppress the production of melatonin; which is the major hormone that
controls sleep and wake cycles (Figueiro et al., 2011). In particular, it is established that
short-wavelength or ‘blue’ light is most melatonin-suppressive; which is the light typically
emitted by devices such as televisions, computer screens, and smartphones (Wood et al.,
2013). Therefore the use of these devices may reduce sleep quality and quantity and should

be avoided immediately prior to bedtime (Duffield et al., 2013; Table 3.5.)

3.3.4. Methods to enhance performance following sleep disruption

Extending the duration of night time sleep may be a relatively simple means of enhancing
athlete performance following short or long term sleep disruption (Mah et al., 2011). Mah et
al. (2011) found that when 11 basketball players increased their habitual night sleep patterns
(2-4 weeks) by sleeping a minimum 10h each night (5-7 weeks), subjects demonstrated
faster sprint times, shooting accuracy improved and reaction time decreased. Furthermore,
following a period of sleep extension, profile of mood state scores and overall ratings of
physical and mental well-being during practice and games were improved. These findings

therefore suggest that sleep patterns need to be optimised for athletic potential to be realised,
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and suggest that sleep extension may enhance physiological and psychological performance
(Mah et al., 2011). However many athletes training patterns may not allow such increases in
sleep-wake cycles. Furthermore, if sleep is disrupted the night before an event (e.g. increased
anxiety, Lastella et al., 2012) strategies need to be implemented prior to that event which
may diminish the detrimental effects of sleep disruption and therefore positively impact

performance.

Research suggests that short-duration sleep (naps) during the day may be an effective means
of enhancing performance following sleep disruption (Postolache et al., 2005; Waterhouse et
al., 2007). For example, Waterhouse et al. (2007) assessed the effect of a lunchtime nap
(13:00-13:30h) on performance following partial sleep deprivation (4h less than normal) and
found 20m performance improved (3.88 + 0.05 vs. 3.97 + 0.05s), alertness improved and
sleepiness decreased compared to when individuals did not nap. Napping may also have a
positive influence on cognitive performance (Postolache et al., 2005), as naps can be
beneficial when learning skills, strategies or tactics in sleep-deprived individuals (Postolache
et al., 2005). Short sleeps during the day may therefore be beneficial for athletes who have to
routinely wake early for training or competition (Sargent et al., 2014) and for athletes who
are experiencing sleep deprivation (Halson, 2013). However, athletes and coaches should
compensate for individual responses to napping with respect to duration, timing and sleep
inertia (i.e. short-term impairment in wakefulness when woken) when planning naps as part

of recovery and preparation for performance (Bird, 2013).
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Table 3.5. Potential non-pharmacological means for promoting sleep quality and/or quantity
(adapted from Duffield et al., 2013; Halson, 2008; Howatson et al., 2012).

Ensure appropriate recovery (physical, nutritional and psychological) from training
and competition.

Consume tryptophan containing foods such as milk, meat, fish, poultry, eggs,
peanut, cheese and leafy green vegetables.

Consume a high glycaemic index meal 4h before bedtime.

Cherry juice supplementation (e.g. 2x30ml daily; 30min upon wakening and 30min
prior to evening meal).

Consume a balanced, healthy diet.

Minimise alcohol intake prior to bedtime.

Minimise caffeine intake prior to bedtime.

Be cautious of fluid intake following completion of training/competition and
bedtime. For athletes who are repeatedly waking at night to use the bathroom,
hydration testing and fluid balance assessment may be useful to prescribe type and
quantity of fluid both during the day and during the recovery period.

Skin warming (in cool environmental conditions)- this can be achieved through prior
warm baths/ spa baths, hot footbaths, warm blankets and wearing of socks.

Skin cooling (in warm environmental conditions)- this can be achieved through cool
showers, the appropriate use of air-conditioning.

Sleep hygiene — the following sleep hygiene strategies are commonly recommended:

If you cannot sleep within 15min, get out of bed and try another strategy.

Eliminate the bedroom clock.

Avoid coffee, alcohol and nicotine.

Regularise the bedtime.

Be conscious of food and food intake.

Eliminate the use of TV, smartphones etc. and excessive light 30min prior to
bedtime.

Explore the use of muscle relaxation and cognitive relaxation.
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Following sleep disruption, a time-efficient means of alleviating decrements in skill
performance may be supplementation with a single dose of creatine (50-100mg.kg™) and/or
caffeine prior to performance (1-Smg.kg” (Cook et al., 2011). It is proposed that acute sleep
deprivation reduces brain creatine, therefore creatine supplementation may enhance
performance when sleep is acutely deprived prior to training and/or competition, with
100mg.kg’ appearing to elicit a trend towards greater effect in skill performance than
50mgkg’ (Cook et al., 2011). Furthermore, creatine may be a convenient alternative for

individuals who experience disrupted sleep following caffeine supplementation.

3.3.5. Summary

Research has shown that sleep disruption (total or partially deprived sleep, fragmented sleep
or large intra-individual variation) may have implications to performance and recovery of
athletes due to alterations in physiological and psychological processes, whether chronic or
acute. Furthermore, chronic sleep disruption has been linked to several health and

performance based issues, including depression and overtraining.

Large inter-individual variation has been demonstrated in athletes, with evidence suggesting
elite athletes may be susceptible to sleep disruption. Although it may be difficult to control
many factors which effect athletes sleep (e.g. time of competition), practitioners should be
aware of the effect certain variables have on sleep (e.g. training time, travel arrangements)
which should be attempted to be controlled to reduce the extent of intra-individual variation.
Monitoring of athletes both out and in competition may give an indication of certain
individuals susceptible to sleep disruption and the periods of competition when it is most

likely to occur.

Practitioners and athletes should be aware of several strategies which have been proposed in
literature to enhance athlete sleep patterns and performance following sleep disruption.
However, individual responses to strategies should be understood prior to implementation

during important periods of training and competition (e.g. napping, caffeine).
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4. Recovery and adaptation following exercise

Rugby union players are in a cyclic state of adaptation and recovery from the stressors
associated with training and competition (Smith, 2003); however, as players seek to optimise
performance, sufficient recovery is frequently overlooked to allow for increases in overload,
intensity and volume (Cochrane, 2004). In addition to large training volumes, research
suggests that players may take several days to fully recover following match-play (e.g. West
et al., 2014). For example, research demonstrates large elevations in blood markers of
muscle damage (e.g. creatine kinase) (Cunniffe et al., 2010; Smart et al., 2008; Takarada et
al., 2003), and disruptions to neuromuscular (West et al., 2014), hormonal (Cunniffe et al.,
2010; Elloumi et al., 2003; West et al., 2014), immune functions (Cunniffe et al., 2010) and
mood (West et al., 2014) for several days following competition. An imbalance between the
exercise stressors and recovery can result in a fatigued state, which may be defined “as an
acute impairment of performance that includes both an increase in the perceived effort to
exert a desired force or power and/or any reduction in the ability to exert maximal muscle

force or power” (Rampinini et al., 2011).

Optimising the recovery-stress state is critical. Indeed, Kellmann (2010) propose that
effective recovery from intense loads often faced by elite athletes can often determine
sporting success or failure. Physiological recovery is marked by the return of muscle
function to a pre-exercise state (Pointon and Duffield, 2011) and in accordance with Seyle’s
General Adaptation Syndrome (GAS; Seyle, 1946), an athlete will return to resting function
or possibly show improvements in their physiological capabilities through
‘supercompensation’ when sufficient recovery is provided between exercise bouts. However,
an athlete may suffer from ‘non-functional overreaching’” when insufficient recovery is
provided or they may even experience a state of ‘overtraining’, a longer lasting condition
where performance continues to be suppressed despite reductions in training stress (Cormack

et al., 2008).

The physiological recovery process is facilitated by the integration of several physiological
systems and is influenced by multiple factors. For example, functional recovery is strongly
correlated to the extent of muscle damage induced by exercise and the subsequent
inflammatory response (Nosaka et al., 2006). Exercise induced muscle damage (EIMD),
which is specific to the exercise stimulus and athlete training status, impairs contractile
function and signals an inflammatory response that impairs contractile function and places
stress on several systems (e.g. neuromuscular, endocrine, autonomic nervous system) which

augment but ultimately facilitate the fatigue response.
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In attempt to optimise recovery following training and competition, it is common practise to
employ one or more post-exercise recovery strategies. Although the mechanisms of these
strategies are not clearly understood, research exists to show that they may enhance
physiological recovery following exercise. However, research exists to suggest that the use
of recovery strategies may impede subsequent performance and the stimulus for adaptation.
For example, it has also been suggested that muscle damage and the subsequent
inflammatory response is a vital precursor to the signalling mechanisms which initiate the
repair and growth of cells (Carlson and Faulkner, 1983); therefore, imposing strategies
which attempt to reduce the effects of EIMD may in fact reduce the potential for training
adaptation to occur (Fischer et al., 2004; Gomez-Cabrera et al, 2008; Nemet et al., 2009;
Strobel et al., 2010; Yamane et al., 2006). The use of recovery strategies post-exercise may

therefore be ‘situation dependent’.

The following section will examine the rationale for employing the most common post-
exercise recovery strategies. To understand how certain strategies may enhance recovery the
characteristics of fatigue and recovery will be explored. Subsequently, the rationale and
evidence for using commonly used recovery strategies will be presented before exploring the

possibility that post-exercise recovery strategies may be detrimental to training adaptation.

4. 1. Physiological characteristics of fatigue and recovery

4.1.1. Exercise induced muscle damage (EIMD): process of events leading to further

damage, functional impairment and adaptation
4.1.1.1, Initial damage

Most hypotheses have highlighted mechanical loading as the main factor contributing to
EIMD. In particular, high-force, eccentric work may exceed the muscles ability to actively
resist the load, forcing the muscle to lengthen and generate greater active tension (Stauber,
2004). As a result, greater tension per active unit is developed increasing the risk of EIMD to
the vulnerable myotendinous junction (Cheung et al., 2003), including broadening, smearing
and/or total myofibrilar disruption of z-lines. The initial trauma may also produce swelling
and disruption of the sarcolemma, sarcoplasmic reticullum and T-tubule system,
mitochondria and extracellular matrix. Subsequent damage to the sarcolemma, sarcoplasmic
reticulum and T-tubule system, can also diminish calcium (Ca®*) uptake and release,
resulting in an increase in intracellular free Ca®* (Howatson and van Someren, 2008; Nicol

and Komi, 2003).
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The above mechanisms may help explain the elicitation of EIMD following eccentric/quasi-
isometric and stretch shortening cycle (SSC) type movement patterns (e.g. sprinting,
jumping, changes of direction); however, structural damage may also occur when a muscle is
subjected to sudden, heavy compressive forces, such as a direct blow to the muscle (Jarvinen
et al., 2005). From an exercising perspective, the extent of mechanical damage will be
determined by several factors including the strain rate, the amount of external work done, the
force level, the duration of stretch and number of stretching activities, and the extent to

which an individual is accustomed to exercise (Hortia, 2000).

It is also possible that EIMD is due, in some part, to oxidative stress. During periods of
oxidative stress pro-oxidants overwhelm the antioxidant defences in cells and damage
cellular constituents (Powers and Jackson, 2008). Reactive Oxidative Species (ROS),
predominantly sourced from the mitochondria relative to elevations in oxygen consumption,
can also contribute to the disruption of cell structures (Powers and Jackson, 2008). Similarly,
metabolic pathways relating to the induction of ischemia or hypoxia during physical activity
offer another source of EIMD (Armstrong, 1984; Ebbeling and Clarkson, 1989) resulting in
changes in metabolic waste accumulation, ion concentration, and adenosine triphosphate
deficiency (Byrnes and Clarkson, 1986). Ultimately, muscle cell damage shifts the

sarcomere length-tension relationship, thereby reducing force output (Horita, 2000).

4.1.1.2. Inflammation and secondary muscle damage

Increased permeability of cell structures as a consequence of initial damage to the muscle
allows for an influx of protein-rich fluid (exudate) into the muscle, leading to oedema and
the attraction of inflammatory cells. Within the injured muscle macrophages are activated,
which produce additional chemotactic signals for circulating inflammatory cells (Jarvinen et
al., 2005). Macrophages secrete and attract cytokines which further degrade the muscle
tissue by removing necrotic debris by phagocytosis, and alter endothelial permeability
leading to phagocyte infiltration and further oedema. Arterioles within the injured area may
also dilate, increasing blood flow to the site of injury (Jarvinen et al., 2005; Smith et al.,

2008).

The increased permeability to cells facilitates the influx of intracellular Ca” into the cytosol
and this activates calcium dependent proteolytic enzymes (proteases and phospholipids),
which further degrades and weakens the cell structures (Cheung et al., 2003) resulting in

further influx of Ca® and thus greater proteolytic enzyme activation and cell destruction.
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The ensuing disruption of z-lines and damage to the sarcolemma enhances the diffusion of
soluble enzymes, such as creatine kinase (CK), into the interstitial fluid (Cheung et al.,
2003). An increase in plasma CK, as an indirect marker of muscle damage, also attracts more
immune cells to the injured site. In addition to CK, satellite cells within the cell structure and
necrotised parts of cells release various chemoattractants (e.g. histamine) which amplify the
influx of inflammatory phagocytic cells and proteolytic enzymes, via the process of
extravasation (Jarvinen et al., 2005; Smith et al., 2008). This process includes the influx of
neutrophils from the bone marrow to the injured site, thereby destroying dead tissue and
releasing proteolytic enzymes and ROS that can further degrade tissue and increase

membrane permeability (Smith et al., 2008) further exacerbating the inflammation response.

4.1.1.3. Effect of EIMD and inflammation on muscle function and recovery

The extent of EIMD and its effect on subsequent performance is more pronounced in
individuals previously unaccustomed to a given exercise stimulus, who themselves will be
more susceptible to experiencing delayed onset muscle soreness (DOMS) (Cheung et al.,
2003). However, it has been assumed that muscle damage produced following exposure to a
bout of eccentric exercise results in an adaptation such that there is more resistance to
subsequent damage and soreness when the exercise bout is repeated, known as the repeated
bout effect (RBE; Clarkson and Hubal, 2002). Furthermore, research has shown that
adaptation can occur in the absence of significant muscle damage through low volume
exposure to eccentric exercise (Paddon-Jones and Abernethy, 2001) suggesting the RBE may
be due to neural adaptations to a task (Clarkson and Hubal, 2002; Paddon-Jones and
Abernethy, 2001). However, despite the potential protective effect of the RBE evidence still
exists in the literature to suggest the presence of EIMD and/or fatigue several days following
competition in elite athletes (Avela et al., 1999; Cormack et al., 2008; Dawson et al., 2005;
Gill et al., 2006).

The most pronounced effect of EIMD on muscle performance is the ensuing decrease in
strength and power, resulting from a shift in the muscle length/sarcomere length-tension
relationship (Horita, 2000). Oedema-induced increases in passive muscle stiffness may also
increase following the induction of EIMD and this is characterised by reduced joint angles at
rest and a decrease in the joint range of motion (Nicol and Komi, 2003; Nosaka, 2006). The
disruption of Ca®* homeostasis due to EIMD can lead to an inhibition of cellular respiration
at the mitochondrial level, thereby hindering adenosine triphosphate (ATP) regeneration.

These changes have important consequences for contractile function, due to the role of Ca”™*
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in binding troponin C, instigating movement of tropomyosin and allowing the cycling of
cross bridges (Allen et al., 2008). It has been proposed that an increase in intracellular Ca®" is
a primary cause of low frequency fatigue (LFF), which may influence SSC type activities

(Allen et al., 2008).

Typically, EIMD is accompanied by varying levels of pain and tenderness at the muscle site,
or DOMS. Subjectively, DOMS is most often reported 24-48h post exercise (Cheung et al.,
2003; Clarkson and Hubal, 2002), which may be explained by the increased inflammation
and secondary muscle damage. As inflammation increases, an osmotic pressure is exerted
and pain is transmitted following stimulation of polymodal group III and IV afferents, a
phenomenon termed ‘hyperalgesia’ (Nicol and Komi, 2003). Presynaptic inhibition
following stimulation of these afferents may also contribute to an attenuated stretch reflex
during SSC type activities (Avela et al., 1999; Nicol and Komi, 2003). It has been proposed
that these afferents have negative feedback on the a-motorneuron via the inhibitory

interneuron (presynaptic reflex inhibition; Bigland-Ritchie et al., 1986).

It has been widely demonstrated that the functional expression of power and strength are
compromised for several days following exercise (Avela et al., 1999; Bailey et al., 2007,
Cormack et al., 2008; Dawson et al., 2005; Fatouros et al., 2010; Highton et al., 2009;
Horita, 2000; Ingram et al., 2009; Kraemer et al., 2010; West et al., 2014) and strong
correlations between functional recovery and blood markers of muscle damage (e.g. creatine
kinase) indicate that these patterns of recovery are partly dependent on the extent of EIMD
(Avela et al., 1999; Horita, 2000).

A loss in muscle function may result in compensatory neuromuscular alterations (e.g. altered
kinematics, increased ground contact times, reduced movement velocity) (Highton et al.,
2009; Horita, 2000). Potentially, these changes may require an individual to work at a much
higher intensity to maintain performance (Chen et al., 2009) and/or cause unaccustomed
strain on the compensating muscles, joints, ligaments and tendons increasing the risk of
injury (Cheung et al., 2003). EIMD has been also been shown to impair oxygen kinetics
(Davies et al., 2008) and glycogen repletion (O’Reilly et al., 1987), both of which can impair
performance, especially in endurance and intermittent sports that rely on these metabolic
outputs. On an individual level, the perception of these functional impairments has further

implications for subsequent skill acquisition and injury susceptibility (Saxton et al., 1995).
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4.1.1.4. Repair and adaptation

Although the induction of EIMD and the ensuing inflammatory response may be responsible
for an acute reduction in muscle function, this process appears to be necessary for the
subsequent repair and adaptive remodelling of muscle tissue to also improve muscle function

(Figure 4.1).

Macrophages play an important role in repair despite initiating events that elicit further
muscle damage (Butterfield et al., 2006; Jarvinen et al., 2005; Smith et al., 2008). It has been
proposed that unless there is a proliferation of macrophages to the damaged muscle fibre, it
remains in a stage of intrinsic degeneration and the activation of satellite cells and thus
regeneration proceeds no further (Carlson and Faulkner, 1983). The process of macrophage
phagocytosis removes necrotic tissue while preserving the cylinders of the basal laminas
surrounding the necrotised parts of the injured myofibres and thus allowing a ‘scaffold’
structure to remain inside which the viable satellite cells begin the formation of new
myofibres (Jarvinen et al., 2005). Macrophages also secrete pro-inflammatory cytokines,
fibrinectin and proteoglycans which help to promote cell adhesion and stimulate fibroblast

proliferation and collagen synthesis.

4.1.2. Autonomic nervous system - parasympathetic reactivation

Physical exercise causes an increase in sympathetic activity, concomitant with
parasympathetic withdrawal resulting in higher heart rates (Al Haddad et al., 2010). The time
needed to restore pre-exercise autonomic nervous system (ANS) level has been shown to
depend on both exercise intensity and duration. High-intensity exercise reduces the
autonomic activity for longer time than a submaximal exercise (Buchheit et al., 2007; Seiler
et al., 2007) and research suggests that EIMD and the subsequent inflammatory response
may temporarily attenuate parasympathetic reactivation (Jae et al., 2010). Furthermore, as
discussed in section 3.2.1., research shows that greater parasympathetic activity is usually
associated with a better recovery state (Chen et al., 2011; Pichot et al. 2000) and readiness to
perform (Buchhiet et al., 2009; Garet et al., 2004; Kiviniemi et al., 2007) suggesting ANS
regulation is important in facilitating recovery, and parasympathetic reactivation is a useful

indicator of athlete recovery status.
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4.1.3. Disruption to hormonal matrix

Hormones are chemical messengers, designed to be released from specific cells where they
are carried to their target tissue for binding to receptors (Winchester, 2008). Traditionally
hormones have been viewed in their role in facilitating protein synthesis and degradation
following exercise (Crewther and Cook, 2012a). Two hormones in particular have been
researched; testosterone; a steroid hormone, is anabolic in nature, important in facilitating
muscle hypertrophy and increasing muscle glycogen synthesis (Cormack, 2008), and
cortisol; catabolic in nature, causing increases in protein degradation in muscle and

connective tissue, and reductions in muscle protein synthesis.

Research has shown evidence of hormonal disruption several days following competition
(West et al., 2014) and increases in training volume (Argus et al., 2009) in rugby union, with
cortisol suggested to be most sensitive to change (Passerlegue and Lac, 1999). However,
literature indicates that testosterone has more complex training roles outside of direct
hypertrophy, in regulating adaptive physiology and physical performance itself (Crewther
and Cook, 2012a). Testosterone has been linked to calcium processing in muscle and
contractile function (Curl et al., 2009; Estrada et al., 2003) and motor cortex output (Bonifazi
et al., 2004). In individuals with relatively high strength levels, free testosterone is a strong
individual predictor of the expression of strength and power qualities (Crewther et al., 2011;
Crewther et al., 2012). Furthermore, Crewther and Cook (2012a) explain that testosterone is
very important as a stress biomarker and the testosterone responses to a challenge can
provide information on dominance. Winning in sports competition is often accompanied by
elevated testosterone concentrations relative to losing (Elias, 1981; Fry et al., 2011; Mazur

and Lamb, 1980).

4.1.4. Suppression of immune system

In addition to the risk that high loads of training and competition may have on performance,
athletes, coaches and medical personnel should be alert to the increased risk of immune
function impairment. Immune function impairment is characterised by decreases in
circulating numbers and functional capacity of cells associated with inflammation, likely
related to increased levels of stress hormones and anti-inflammatory cytokines and free

radicals during exercise.

A single bout of exercise may change neutrophil function, with the change linked to the

intensity and duration of exercise (Takahashi et al., 2007). As described in section 4.1.1.,
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following muscle damage neutrophils are attracted to the damaged site which engulf
microorganisms and produce ROS. Reactive oxidative species production capability is
therefore increased by most types of exercise loading (Pedersen and Bruunsgaard, 1995) but
may be impaired when exercise is continuous, prolonged (greater than 90min), of moderate
to high intensity (55-75%VOjnmax) and performed with minimal nutritional support or where
multiple maximal bouts are performed on one or a series of days, in which case there may
not be sufficient time for the immune system to recovery fully (Gleeson, 2007). When
athletes are engaged in heavy training/competing over a season, this may lead to a
chronically depressed immune function (Gleeson, 2007). Individuals engaged in heavy
training/competing programmes, particularly those involved in endurance events appear to

be more susceptible than normal to upper respiratory tract infection (URTT; Gleeson, 2007).

4.2. Strategies to facilitate the physiological recovery process immediately following

training/competition.
4.2.1. Cold water immersion (CWI)

The main rationale of immersing body parts in cold water, or CW]I, is based on the effects of
hydrostatic pressure (Wilcock et al., 2006). When external pressure on the body is increased,
gas, fluid and substances are displaced to lower pressure areas. Hydrostatic pressure
increases the pressure gradient between the interstitial compartment and the intravascular
space to aid in the removal of plasma/exudate, thus reducing the cellular infiltration by
leukocytes and monocytes (Wilcock et al., 2006). Reducing the inflammation response may
improve nutrient delivery to cells, enhance metabolic waste removal, improve contractile
function and reduce secondary muscle damage. Water immersion can also facilitate greater
relaxation of gravitational muscles and energy conservation through the buoyancy effect

(Wilcock et al., 2006).

Cold water immersion can also reduce skin temperature and stimulate cutaneous receptors to
excite sympathetic adrenergic fibres (Cheung et al., 2003). This causes the constriction of
local arterioles and venules, which reduces the permeability of cellular lymphatic and
capillary vessels, thus restricting fluid diffusion into the interstitial space. This reduction in
swelling and a decreased rate of metabolism reduces the inflammatory response, vascular
permeability and the formation of oedema (Cheung et al., 2003). The cooling of tissue may
also help to reduce the perception of pain by decreasing the production of acetylcholine and

superficial inhibitory cells that regulate the impulse of pain perception to the central nervous
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system (CNS; Wilcock et al., 2006). Similarly, reductions in inflammation may reduce the

sensation of pain by the stimulation of group III and IV afferent fibres.

The orientation of the body, or body parts, in water is an important consideration. Wilcock
et al. (2006) explained that for a person immersed standing to the superior aspect of the iliac
crest, the foot immersed at a depth of 1m would have 981Pa extra pressure acting on it,
whereas at hip level (0.1m) only an extra 98.1Pa. Therefore, the lower limbs will be
subjected to greater pressure when a person is standing immersed in cold water, as opposed
to someone sitting or kneeling in water to the same landmark. Water temperature is another
consideration. Sramek et al. (2000) reported similar changes in whole blood flow following
10 minutes immersion in either 8°C or 22°C water. This would seem to be counterintuitive
to the efficacious use of CWL. However, more blood was distributed to the skin at the 8°C
temperature, suggesting that CWI may be related to changes in blood distribution (Gregson
etal., 2011).

Water immersion itself can also trigger parasympathetic heart control (Mourot et al., 2008;
Perini et al., 1998). The rise in' hydrostatic pressure on the body from the surrounding water
leads to an increase in vagal-related heart rate variability indexes (Lemaitre et al., 2008);
perhaps related to the rise in central blood volume, cardiac output, stroke volume and central
venous pressure (Lemaitre et al., 2008). However, the use of cold water temperatures may be
counterproductive to the beneficial parasympathetic effect of hydrostatic pressure due to an

increased sympathetic activation as described above (Buchheit et al., 2009).

Overall the findings of literature examining CWI as a recovery tool are inconclusive (Table
4.1.); with some studies (Paddon-Jones and Quigley, 1997; Sellwood et al., 2007)
demonstrating no additional benefit when compared to passive recovery on the outcomes of
pain, swelling and performance 24, 48 and 72h following unaccustomed eccentric loading.
However, Howatson and Van Someren (2008) stated that the temperatures used in these
studies (5 = 1°C) were too cold, possibly eliciting the ‘Hunting reaction’. This phenomenon
occurs when tissue temperature falls below 18°C and there is periodic vasodilation and
warming of the tissue, which may eliminate any potential benefits of CWI. A recent meta-
analysis of 14 studies by Leeder et al. (2012a) also found that CWI had little effect on
recovery of strength (isometric/isokinetic knee extension or elbow flexion), but this approach
was effective in improving the recovery rate of muscle power post exercise during more
‘functional’ SSC activities. Furthermore, Halson (2011) found that CWT had a greater effect
on weight bearing activity compared to a non-weight bearing activity, which is more
representative of the actual performance movement undertaken by rugby players. Indeed,

previous research has found that SSC type activities are more sensitive to contractile failure
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following EIMD than concentric only activities (Horita, 2000). These data highlight some of
the difficulties in determining the efficacy of recovery strategies due to variation in study

methodologies (see Table 4.1).

Despite not showing evidence of enhanced function, data exists to show that Smin CWI may
accelerate parasympathetic recovery Smin (Buchheit et al., 2009) and 12h post intervention

(Al Haddad et al., 2012).

Research shows that repeated exercise performance in the heat may be improved when a
short period of CW1I is applied between exercise bouts (Peiffer et al., 2010). However, when
multiple competitive bouts are performed on the same day, evidence exists to suggest that
the use of cold water immersion following one bout may impair performance in the next
(Crowe et al., 2007; Parouty et al., 2010). Cooling of tissue stimulates inhibitory cells that
regulate the impulse of pain perception to the central nervous system; however it may also
decrease the rate of transmission along neurons by decreasing the production of
acetylcholine. Reduction in neural transmission would therefore decrease muscular
contractile speed and force generating ability which may inhibit subsequent performance
(Wilcock et al., 2006). A decrease in heart rate following CWI may also decrease cardiac
output and arterial blood pressure thus decreasing blood flow to the prime mover muscles
which may also impair performance. Furthermore, enhanced parasympathetic activity
following CWI (Buchheit et al., 2009) may inhibit cardio-acceleration from exercise onset
compromising the attainment of peak heart rate, possibly reducing cardiac output and oxygen
delivery which may increase blood lactate accumulation and oxygen deficit (Parouty et al.,

2010).
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4.2.2. Contrast water therapy (CWT)

In contrast to CWI, hot water immersion (HWT) is thought to increase tissue temperature and
local blood flow, and enhance muscle elasticity, leading to local vasodilation, an increase in
metabolite production and a reduction in muscle spasms (Cochrane, 2004). In response to
HWI, heart rate is also elevated to increase cardiac output and lower peripheral resistance,
and this increases subcutaneous and cutaneous blood flow to improve the permeability of
cellular, lymphatic and capillary vessels (Wilcock et al., 2006) The net effect is
improvements in metabolism, nutrient delivery and waste removal from the cells (Wilcock et
al., 2006). However, increasing the permeability of these vessels (through HWI) may
increase the inflammatory response by facilitating the influx of exudate and inflammatory

cells into the interstitial space (Wilcock et al., 2006).

Contrast water therapy (CWT) is also proposed to reduce the extent of oedema and enhance
recovery. This method combines the properties of CWI and HWI to alternate the
vasoconstrictor and vasodilator response of blood vessels to temperature changes (Gill et al.,
2006). Vaile et al. (2007) further proposed that alternating between hot and cold water might
produce rapid changes in muscle perfusion, which is commonly referred to as the ‘pumping
effect’. Vaile et al. (2007) demonstrated that CWT (8-10°C, 60s; 40-42°C, 120s; x5)
enhanced recovery compared to passive recovery (15min seated, room °C) following an
eccentric resistance exercise bout (5x10 eccentric leg press; Table 4.1.). Data collected
immediately, 24, 48 and 72h after recovery showed that jump squat peak power returned to
baseline levels 24h following exercise using CWT, compared to 72h using passive recovery.
Furthermore, restoration of serum CK levels were observed at 48h following CWT, which
was significantly elevated levels at 72h with the passive intervention. Research also exists to
suggest that CWT may enhance parasympathetic reactivation following 60min high intensity

cycling (Stanley et al., 2012).

4.2.3. Compression garments

Compression garments are becoming increasingly widespread within sport and exercise as a
recovery aid (Jakeman et al., 2010) Typically, these garments are elastic, body-moulded
suits with an engineered compression gradient that can be worn as an upper, lower or full
body piece (Duffield et al., 2007). Compression garments are thought to enhance muscle

recovery by exerting pressure on the covered limbs to improve blood flow and reduce
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inflammation (Jakeman et al., 2010), possibly via similar mechanisms to hydrostatic pressure

from water immersion.

In clinical settings, compression stockings have been worn to reduce oedema in individuals
with chronic venous disorder, chronic venous insufficiency, and have been worn in attempt
to prevent deep vein thrombosis in at risk individuals (e.g. long flights). A meta-analysis of
randomised controlled trials was published that compared stockings exerting an ankle
pressure of 10-20mmHg with placebo or no treatment, and with stockings exerting a pressure
of more than 20mmHg (Amsler and Blattler, 2008). Overall, compression with 10-20mmHg
had a clear effect on oedema compared with <10mmHg pressure, placebo stockings or no
treatment (p<0.0001). Furthermore, the reviewed literature showed that there was no
difference between compression stockings exerting 10-20mmHg and >20mmHg of pressure.
Research investigating the effects of compression garments on oedema during a working day
has also found little difference between 11.2 + 1.2, 18.1 + 2.7 and 21.8 + 1.8mmHg
compression stockings (Partsch et al., 2004). Nevertheless, all garments tested in this study
were found to be more effective than a light support stocking (5.9 + 2.4mmHg) (Partsch et
al., 2004).

Kraemer et al. (2010) demonstrated that the custom-fitting of garments is one consideration
in the mechanical blocking of oedema during recovery from EIMD. Although garments are
commercially available in different sizes, it has been questioned whether these products can
exert enough pressure to be effective for each individual, due to widespread differences in
leg dimensions and tissue structure within a population (Davies et al., 2009). Nevertheless,
some studies in this area have reported beneficial effects in terms of reducing EIMD and
perceived muscle soreness, and restoring exercise performance (Table 4.1.). The use of
compression garments (and other recovery strategies) may further create a positive placebo
effect on individual’s perception of muscle soreness and functional recovery, due to the
positive contagion induced by peers or elite athletes advocating its beneficial properties (Lee

etal., 2011).

4.2.4. Whole body cryotherapy (WBC)

Whole body cryotherapy (WBC) has been predominantly applied and researched within
clinical settings for inflammatory conditions such as swelling and acute localised pain.
However, WBC may also be a means of accelerating recovery post-exercise. Research has

shown health benefits following exposure to very cold air (e.g. -110°C; Pournot et al., 2011).
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A single exposure has been shown to alter hormonal profiles in men (Zagrobelny, 1993) and
increase antioxidant defence system activity (Wozniak et al., 2007). Furthermore, data exists
to suggest repeated exposures may enhance motor performance (Hagner et al., 2009, Klimek
et al., 2011; Luczak and Michalik, 2006), anaerobic capacity (Chwalbinska-Moneta, 2003),
increase levels of white blood cells (Lubkowska et al., 2010) and anti-inflammatory
cytokines (e.g. IL-10) while decreasing pro-inflammatory cytokines (IL-2, IL-8; Banfi et al.,
2009). However, limited research has been performed following exercise using WBC,
largely due to the expense and limited availability of cryochamber facilities; which
consequently explains why WBC is utilised by very few athletes at present. Mechanisms for
enhanced recovery are likely to be related to vasoconstriction and a reduction in nervous

activity as described in section 4.2.1.

Following a single simulated trial race, WBC (3min at -110°C) was shown to restrict the
inflammatory response compared to a passive recovery group (Pournot et al., 2011). Levels
of C-Reactive Protein (CRP) significantly increased in both groups 24h post-exercise,
however levels in the WBC groups returned to pre-exercise 48h post while CRP levels in the
passive group remained elevated at 96h. Using the same exercise and recovery protocols,
Hausswirth et al. (2011) found WBC enhanced recovery of maximal isometric muscle
strength and perceived pain up to 48h post-race. Research also suggests that a week of daily
WBC sessions following training reduced markers of muscular damage (CK and lactate
dehydrogenase) and pro-inflammatory cytokines compared to a passive recovery group

within an International rugby union team (Banfi et al., 2009).

4.2.5. Active recovery

Performing low intensity exercise following exercise may enhance recovery by inducing a
‘pumping effect’. Repetitive mechanical ‘squeezing’ by the muscles during contraction-
relaxation may increase blood flow and improve range of motion which may increase the
translocation and removal of markers of inflammation and metabolites, such as lactate from

the muscle (Gill et al., 2006).

Active recovery is commonly used when several hours separate exercise bouts. Exercise
which breaks down glucose without oxygen to produce energy for ATP resynthesis produces
the biproducts lactate and hydrogen ions (H*), with increases in the later proposed to cause
muscular fatigue, demonstrated by a strong correlation between the decline in intramuscular

pH and a reduction in force or power output (Cady et al., 1989; DeGroot et al., 1993).
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Therefore the ability to remove lactate and H* from the muscle following exercise is
important where time between bouts is limited. Approximately 65% of lactate is converted to
pyruvate by lactate dehydrogenase which then undergoes aerobic degradation via the krebs
cycle and electron transport system (Parkhouse and McKenzie, 1984), therefore an improved

oxygen supply may enhance clearance.

Dodd et al. (1984) found that a recovery period of moderate continuous intensity facilitated
lactate removal faster than passive recovery. Additionally, a combination of high intensity
(65% VOymy) and low intensity (35% VO,mx) Was no more beneficial than a recovery of
low intensity (35% VOjmax) for 40min. Active recovery may be performed in various ways
however performing an active recovery session immersed in water may provide the added
effects of buoyancy, hydrostatic pressure and parasympathetic reactivation which may
enhance recovery. Furthermore, activities such as deep water running and water aerobics are
convenient methods of recovery due to the non-weight bearing nature of activity thus
avoiding exacerbation of soft-tissue injury while providing active recovery (Reilly and
Ekblom, 2005).

4.2.6. Other strategies
4.2.6.1. Electrostimulation

Despite little research being performed, electrostimulation may be an effective treatment in
enhancing athlete recovery following exercise. Electrodes are positioned on the posterior
aspect of the knee to stimulate the common peroneal nerve and simultaneously activate the
tibialis, peroneous longus, and lateral gastrocnemius muscles to enhance blood flow (Tucker

et al., 2010).

When worn with compression garments, Beaven et al. (2012) showed that rugby players
perceived improved recovery following training compared to compression garments alone.
Furthermore, the combination of methods was shown to be more effective in attenuating
increases in CK following competition compared to compression garments (Beaven et al.,
2012).

Also when used in isolation, electrostimulation has recently been shown to enhance recovery
of function 24h following a simulated team circuit compared to a passive recovery condition,

with effects similar to a CWT treatment (Finberg et al., 2012).
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4.2.6.2. Occlusion

Brief repeated periods of occlusion followed by reperfusion have previously been shown to
mitigate the injurious effects of prolonged ischemia in cardiac muscles, as well as attenuate

other cellular damage (Eisen et al., 2004; Hiodromitis et al., 2007).

Recent research suggests that occlusion may enhance recovery following a high intensity
exercise protocol. Following 2x3min lower limb occlusion of each leg at 220mm.Hg”,
various markers of power displayed improved recovery 24h following exercise when
compared to a condition when 15mm.Hg™' compression was applied (Beaven et al., 2012).
Although the mechanisms are unclear, the authors propose that the cycles of ischemia and
reperfusion may enhance blood flow hence increasing muscle oxygenation, vasodilation, and

oxygen delivery (Beaven et al., 2012).

4.2.6.3. Nutrition and hydration

Dietary antioxidants have been proposed to enhance recovery mainly by reducing ROS
production during the phagocytic/secondary phase and through other means including
sarcolemma stabilisation (vitamin E) and reducing pro-inflammatory mediators (omega-3
fatty acids) however the literature is equivocal with respect to their effects on EIMD

(Bloomer, 2007).

The supplementation of polyphenols both in preparation and recovery from training and
competition is becoming more prevalent in elite sport. Polyphenols are found in plant foods
(e.g. vegetables, cereals, legumes, fruits, nuts) and beverages (e.g. wine, cider, beer, tea,
cocoa) however the efficacy of polyphenols as antioxidant compounds greatly depends on
their chemical structure which is beyond the scope of this chapter and covered in greater
depth elsewhere (Bravo, 1998). High antioxidant and anti-inflammatory activity have been
identified in tart cherries, which are considered good sources of phenolic compounds
(Connolly et al., 2006). Consumption of approximately 45 cherries per day has been shown
to reduce circulating concentrations of inflammatory markers in healthy men and women
(Jacob et al., 2003; Kelley et al., 2006) however supplementation of tart cherry juice is a
more efficient and economical alternative. Following a period of supplementation, tart cherry
Juice has been shown to reduce the extent of muscle damage, improve recovery of function
and alleviate the sensation of pain following a bout of eccentric elbow flexion contractions

(Connolly et al., 2006).
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Non-steroidal anti-inflammatory drugs (NSAIDs; e.g. ibuprofen, aspirin) are common
ergogenic means in sport proposed to reduce EIMD by inhibiting the synthesis of
prostaglandin (Howatson and van Someren, 2008). Ibuprofen taken before and after
eccentric arm exercise (2400mg) has been shown to reduce CK appearance in the blood
indicating reduced muscle damage (Pizza et al., 1999), while other research has found no
effect of ibuprofen on recovery of strength or muscle soreness following downhill running

which is characterised by a large eccentric demand (Donnelly et al., 1990).

Various nutritional strategies are available to maintain immune function and avoid infection
including colostrum, herbals (e.g. echinacea, ginseng, kaloba), glutamine and zinc lozenges
however there is no strong evidence to suggest that any of these prevent exercise-induced
immune depression (Gleeson, 2010). Supplementation with probiotics may enhance immune
function and reduce URTI and gastrointestinal symptoms however further research is

required (Gleeson, 2010).

Maintaining hydration status is also important for performance and recovery. The use of
rehydration strategies following exercise should be considered in terms of providing a
favourable hormonal environment for adaptation and facilitating preparation for the next
session (Judelson et al., 2008). For example, based on research by Shirreffs et al. (1996) it is
common for to calculate the required fluid volume to rehydrate by weighing the athlete pre
and post exercise ([post exercise weight — pre exercise weight] x1.5). Consideration should
also be given to electrolyte content of post-exercise beverages and/or nutrition, which may

be prescribed according to individual needs (Holway and Spriet., 2011).

4.3. Evidence that post-exercise recovery strategies may attenuate adaptation to exercise

Reducing the extent of fatigue by using post-exercise recovery strategies may have great
importance for enhancing athlete recovery and subsequent performance; however research
suggests that the inflammation process is necessary for adaptation to an exercise stressor

(Arnold et al., 2007).

Despite initiating a series of events which result in further muscle damage and functional
impairment, it appears that inflammatory cells (including neutrophils) are also mitogenic
activators for different cells involved in repair (Butterfield et al., 2006; Jarvinen et al., 2005;
Smith et al., 2008). Research has shown that macrophages recruited by injured muscle of a
phagocytic, pro-inflammatory phenotype may convert to an anti-inflammatory phenotype

releasing growth factor (Amold et al., 2007). Furthermore, increasing the cell volume of
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tissue from lactating Wistar rats has been shown to improve protein synthesis and this
suggests that cell volume (i.e. inflammation) may be an important signal for protein
metabolism (Grant et al., 2000; Millar et al., 1997). Therefore, reducing the extent of EIMD
and thus inflammation by means of post-exercise recovery strategies may have important

implications for training adaptations.

4.3.1. Cold water immersion (CWI)

Two studies have assessed the effect of CWI on training adaptation by immersing one limb
in CWI while the other acts as a control. In their study, Yamane et al. (2006) demonstrated
that CWI of one leg following endurance training sessions (3 sessions per week for 6 weeks)
compromised gains in maximal oxygen uptake, and ventilation threshold as well as gains in
cycle time to fatigue and arterial growth when compared to the leg exposed to passive
recovery. Furthermore, cryotherapy of one arm following forearm flexor strength training (3
sessions per week for 4 weeks) resulted in compromised gains in muscular endurance and
brachial artery diameter compared to the arm receiving CWI. In both cases, the proportions
of significant versus non-significant training effects in the control and CWI groups were
different from what would have been expected from random occurrence (p<0.05), strongly
suggesting that post-exercise cooling can attenuate training adaptations. Similar to the
findings of Yamane et al. (2006), Frohlich et al. (2014) found that CWI attenuated adaptation
to strength training. Seventeen male sport students completed 5 weeks of strength training
which consisted of single leg curl training performed twice a week. Following each session
individuals immersed one leg in cold water for 3x4min intervals (12.0 + 1.5°C; 30s rest
between), while the other was not cooled. Following 5 weeks training, there were increases
in 1RM and 12RM leg curl test measures in both the cooled and non-cooled legs however
increases tended to be greater in the leg which was not-cooled post-strength training.
Furthermore, following a two week detraining period there was tendency for further
increases in strength, which were significantly larger in the control leg for the 12RM test but

not the 1RM test.

The results of Yamane et al. (2006) and Frohlich et al. (2014) therefore suggest that CWI
used post-training may be counterproductive to training adaptation. Yamane et al. (2006)
explained that the myofibre micro-damages, and cellular and humoral events induced by
endurance and strength training are preconditions not only for repair processes, such as
myofibre regeneration, but also for the adaptive processes leading to improved muscular

performance. In particular, they highlight satellite cell proliferation and recruitment as the
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basis of myofibre hypertrophy and increased capillary supply. However, by reducing the
extent of muscle damage post exercise, the stimulation and proliferation of satellite cells are
reduced and this interferes with the regenerative processes and “thus retard rather than
support the desired improvement of muscular performance” (Yamane et al., 2006). Research
shows that superficial cooling may also impair anabolic and inflammatory responses post
exercise (Nemet et al., 2009). Twelve elite junior handball players completed an intervention
involving 4x250m treadmill runs at 80% of each individuals maximum speed followed by a
rest period with and without (resting supine in a quiet room for 1h, 21°C) local cold pack
application to the hamstring muscle (applied using a compression wrap for 15min, followed
by a 15min interval and an additional 15min application). Significant differences were found
1h post exercise with local cold pack application associated with significant decreases in IL-
1B (pro-inflammatory), IL-1ra (anti-inflammatory), IGF-I and IGFBP-3 (anabolic hormones)
and a greater increase of IGFBP-1 (catabolic agent). Thus, the authors concluded that the
recovery strategy may attenuate the anabolic effects of preceding training (Nemet et al.,
2009), which over a period of training may explain the findings of Yamane et al. (2006) and
Frohlich et al. (2014).

Despite the evidence presented, recent research in trained athletes does not support the
suggestion that CWI attenuates adaptation to training (Halson et al., 2014). During a pre-
competition training period, male endurance-trained cyclists competing at national level
were randomised to a CWI group (n=10) or a control group (n=11) for 7 days of baseline
training, 21 days intensified training and an 11 day taper. Throughout the training period two
weekly tests were used to track changes in fatigue and performance. Test efforts were
performed on a commercially available air braked ergometer (Watt Bike, UK) which allowed
measurement of power and cadence throughout the efforts. The first test involved 2x4min
maximal efforts completed 42min apart (2xMMP,;,), while the second was a high intensity
interval test (HIIT). Cold water immersion was performed four times per week in the CWI
group, in which subjects submerged their body (excluding head and neck) for 15min (15.3 +

0.3°C) within 30min of the cessation of training or testing.

Following the training period, both groups improved in the 2XxMMPj, test however the
CWI group (~9.3%) did so to a slightly greater extent than the CON group (~6.5%).
Furthermore, during the HIIT both groups increased self-selected power output in the timed
pursuits, however increases were bigger in the CWI group for pursuit 1 (~2.4%) and pursuit
2 (~2.1%). Not only do these findings suggest CWI does not impair training adaptation
within trained athletes, but they suggest that CWI may enhance adaptation when compared

to a control group (Halson et al., 2014). However there are limitations to the study design.
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Firstly, CWI was only administered 4 times a week; therefore CWI was not administered
after training on 13 out of 30 training days. Furthermore, it should be noted that post-
training performance was taken from days 4 and 5 of the taper rather than at the end, as not
all subjects were willing to perform maximal efforts towards the end of the taper due to
subsequent National cycling competition. It has been demonstrated in literature that CWI
may enhance the short term recovery of performance compared to CON (e.g. Vaile et al.,
2008), which may explain why 10min time trial performance in the HIIT appears to be
reduced to a greater extent during the intensified period in the CON group compared to the
CWI group (Figure 4.2.). With training planned so that performance was optimised at the
end of the taper, improvements in physical preparation were unlikely to be realised after 4-5
days. Therefore post-training data used in the study may not reflect training adaptation from
the training period, particularly when the extent of fatigue during the intensified training

period appears to be greater in the CWI group (Figure 4.2).
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4.3.2. Dietary supplementation

Dietary antioxidants offer an alternative passive treatment for enhancing muscle recovery by
reducing ROS production and through other means such as sarcolemma stabilisation (vitamin E)
and reducing pro-inflammatory mediators (omega-3 fatty acids). Despite evidence of dietary
antioxidants attenuating muscle damage (Connolly et al., 2006; Howatson et al., 2009), research
suggests they may in fact impede the processes which lead to adaptation (Fischer et al., 2004;
Gomez-Cabrera et al., 2008; Nemet et al., 2009; Strobel et al., 2010; Trappe et al., 2002;
Yamane et al., 2006).

Using human and animal (rat) models, Gomez-Cabrera et al. (2008) studied the effect of vitamin
C supplementation during 8 weeks training on VO, and endurance capacity. Vitamin C
administration increased the plasma concentrations of the antioxidant in both men and rats
compared to a control group, but only VO,,, improved in the control group in the rat study.
Although the difference was not significant, the control group improved their VO, to a greater
extent than the supplemented group (17.0 vs. 4.7% respectively) in humans. Skeletal muscle
analysis of rats indicated that training increased antioxidant enzyme concentrations, whereas
lower mRNA concentrations of two antioxidant enzymes were found in the supplemented group.
This suggests that supplementation may hinder these adaptations possibly by preventing the
activation of mitochondrial biogenesis, which is indicated by no changes in protein
concentrations of cytochrome C. These authors concluded that antioxidant supplementation
lowered training efficiency, such that their use during certain phases of the season should be

questioned.

Previous research has shown that antioxidant supplementation (28 days) can reduce cortisol and
C-reactive protein following repeated knee-extensions (Fischer et al., 2004), but this treatment
also blunted the release of IL-6, demonstrating that antioxidant supplementation has the potential
to enhance recovery by reducing inflammation. More recently, Strobel et al. (2010) investigated
the long-term effects of antioxidant supplementation with vitamin E and a-lipoic acid on
changes in markers of mitochondrial biogenesis. Male wistar rats were divided into four groups;
sedentary control diet, sedentary antioxidant diet, exercise control diet and exercise antioxidant
diet. The exercise groups performed 90min of exercise 4 days a week at 70% VOyp.x for 14
weeks. Rats were fed powdered standard rat chow with or without 1000 TU vitamin E kg™ diet
and 1.6 o-lipoic acid.kg™ diet. Training elevated markers of mitochondrial biogenesis PGC-1a

mRNA and protein, COX IV and cytochrome C protein abundance, citrate synthase activity and
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ARE transcription factor. However, supplementation reduced PGC-1a mRNA, PGC-1a and
COX 1V protein, and citrate synthase enzyme activity in both sedentary and exercise trained rats
(Strobel et al., 2010). This study provides evidence that vitamin E and a-lipoic acid
supplementation could impair the endogenous metabolic and redox status of skeletal muscle in
sedentary people, and prevent some of the beneficial adaptations to exercise training (Strobel et

al., 2010).

In addition to attenuating training induced increases in endogenous antioxidant defence capacity,
Ristow et al. (2009) found supplementation of vitamin C (1000mg.day™) and vitamin E
(400IU.day™") impaired increases in insulin sensitivity following 4 weeks of training in trained
and untrained individuals. By blunting the exercise-induced formation of ROS, Ristow et al.
(2009) proposed dietary antioxidants may prevent the activation of ROS-dependent
transcriptional coactivators, transcription factors and their targets, which may be important
factors in promoting insulin sensitivity. Not only does this study show that antioxidant
supplementation may prevent some of the protective effect of exercise on health, but this study

may have great implications for an athlete’s dietary recovery/preparation and body composition.

Research also demonstrates that analgesic drugs, commonly consumed to reduce or prevent pain
and soreness associated with unaccustomed exercise may blunt protein synthesis (Trappe et al.,
2002). Twenty four males were allocated to either a maximal over-the-counter dose of ibuprofen
(1200mg.day™), acetaminophen (4000mg.day’) or a placebo following 10-14 sets of 10
eccentric repetitions at 120% of concentric 1IRM with the knee extensors. Compared to the
placebo group, neither analgesic had an effect on whole body protein breakdown or perceived
muscle soreness; however, they blunted the increase in muscle protein synthesis, as measured by
protein fractional synthesis rate. Thus, the authors concluded that the long term use of these (or
similar) drugs may inhibit the normal hypertrophic response to resistance training (Trappe et al.,
2002). However, adaptations to resistance training have shown to be enhanced by
acetaminophen and ibuprofen supplementation in older adults compared to consumption of a
placebo (Trappe et al., 2011). Supplementation of acetaminophen (4000mg.day™) and ibuprofen
(12000mg.day™) increased muscle volume (12.5 and 10.9% respectively) and knee extensor
1RM strength (19 + 2kg both groups) to a greater extent than the placebo (8.6% and 15 + 2kg
increase in volume and strength respectively). Furthermore, muscle biopsies from the vastus
lateralis before and after training showed muscle protein content, muscle water content, myosin
heavy chain distribution and muscle content of the two known enzymes potentially targeted by

the supplements taken (COX-1 and COX-2) were not influenced by supplementation of either
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acetaminophen or ibuprofen. Another study from this group reported that 12 weeks of knee
extensor training increased tendon cross sectional area (3%, p<0.05) when older adults
consumed acetaminophen (4000mg.day™), but no differences were observed when individuals
consumed either ibuprofen (1200mg.day™) or a placebo during training (Carroll et al., 2011).
Supplementation with acetaminophen was also associated with greater tendon mechanical

adaptations compared to the ibuprofen and placebo groups (Carroll et al., 2011).

4.3.4. Summary

Although equivocal evidence has been presented, literature does exist to support the hypothesis
that attenuating the inflammatory process associated with muscle damage (using different
recovery strategies) may inhibit the stimulus for adaptive physiology (Fischer et al., 2004;
Frohlich et al., 2014; Gomez-Cabrera et al., 2008; Nemet et al., 2009; Strobel et al., 2011;
Trappe et al., 2002; Yamane et al., 2006).

To assist in the development of best practices for both recovery and training, further research is
needed assessing the effect of strategies on adaptation with particular attention to elite athletes

under normal training and in particular with measurement in competitive conditions.

4.4. Other considerations and contraindications for the use of post-exercise recovery strategies
4.4.1. Relationship between psychological and physiological recovery

Research exists to suggest that physiological functions may be somewhat determined by the
psychological response to a stressor. For example, in non-athletic settings acute changes in
testosterone concentration have been demonstrated following the intervention of video footage
(Hellhammer et al., 1985; Pirke et al., 1974; Stoleru et al., 1993). Studies have also shown that a
testosterone response elicited from watching different video clips may influence subsequent
exercise performance in elite athletes (Cook and Crewther, 2012b). After the viewing of erotic,
aggressive and training clips, athlete testosterone levels increased which correlated to an
improvement in subsequent 3RM squat (r=0.85, p<0.001) when compared to a control condition

when no video was shown (Cook and Crewther, 2012b).
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Previous research has also shown that perceptions and emotions associated with stress, such as
depression and anger (e.g. Gounin et al., 2008), negatively affected wound healing through
psychoneuroimmunological pathways (e.g. Christian et al., 2006; Keicolt-Glaser et al., 1998).
Dat1 also suggests that the physiological responses of elite sportspeople may exhibit a degree of
pladicity that can be influenced by prior exposure to stressful events or perceptions of those
events (Crewther and Cook, 2012a). The post-game presentation of individual specific video
footage appears to influence the free hormonal state of rugby players and game performance
several days later (Crewther and Cook, 2012a). Research therefore suggests that the use of
relaiively simple ‘psychological’ recovery interventions, with specific relevance to that event,
may modify the free hormonal state of the athlete which may influence subsequent recovery and
performance. Indeed, a recent study by Cook and Beaven (2013) suggests that psychological
perception and physiological change summate (or more importantly can act in opposition) in
terms of recovery outcome. Their study using elite rugby players exhibited that the degree of
body temperature normalisation after exercise following a cool immersion predicted recovery
outcomes but was co-founded by the psychological perception of the treatment. Namely if
temperature declined but players reported not enjoying the procedure recovery was less than
predicted by the temperature change itself. This opens up an exciting avenue around

psychological recovery and its influence on physical expression.

4.4.2. Inter-individual variation

Practitioners should be weary of inter-individual responses to a stressor. Research shows an
individual nature of recovery following contact sport suggesting that recovery and subsequent
training should be individually prescribed (West et al., 2014). Effective monitoring procedures
should be established to determine expected recovery patterns, and how these may vary
according to performance, and to identify athletes who may require altered recovery/training

provision.

The inter-individual response to post-exercise strategies should also be considered. The
interactions between psychological and physiological recovery as described previously would
suggest a rationale for the application of recovery strategies aimed to enhance physiological

function which are perceived to reduce pain, soreness and fatigue within competition periods. It
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would also be pertinent for practitioners to monitor individual responses to various means which

seek to enhance psychological recovery.

4.5. Summary

Despite the mechanisms underlying each method remaining unclear, evidence exists to suggest
that various strategies used post-exercise may attenuate the extent of fatigue and enhance
recovery. Such strategies could be employed by athletes between training and/or competitive
bouts to reduce acute impairments in performance and the risk of injury induced by fatigue,

whilst also reducing the risk of illness and overreaching in the longer term.

Recent research suggests that recovery strategies may enhance adaptation in trained athletes
however literature also supports the alternative hypothesis that the induction of muscle damage
and the subsequent inflammatory response may be a pre-requisite for the signalling mechanisms
which initiate repair and growth of cells, leading to greater adaptive changes. For example, some
recovery strategies (e.g. CWI, dietary antioxidants) have been shown to impair the acute
inflammatory response to exercise and attenuate adaptations to training in non-athletic
populations. Therefore, further research is required within athletic settings to assess the effect

recovery strategies may have on adaptation.

Recent literature also suggests that physiological and psychological recovery may be
intertwined; as research suggests that individual appraisal to a stressor may have great influence
on subsequent physiological recovery and readiness to train/compete. These findings challenge
previous approaches to the research and provision of athlete management, opening an exciting

and previously untapped area of recovery science.
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5. Quantifying positional and temporal movement patterns in professional rugby union

using GPS
5.1. Introduction

A greater understanding of player movement patterns in rugby union, together with the
anthropometric and physiological characteristics of players, may give an indication of the
positional requirements of performance. This in turn may facilitate the planning and
implementation of training programmes that elicit physiological adaptations specific to
individual playing demands. Furthermore, knowledge of movement characteristics may enable
coaches to monitor individual and team performance during match-play (Quarrie et al., 2013),

and may provide an indication of the physiological stress post-match (Takarada, 2003)

To date, the majority of studies have investigated the game demands in rugby union through
time motion analysis systems (Austin et al., 2011a; Austin et al., 2011b; Roberts et al., 2008).
For example, recent research from Super 14 rugby has reported front row forwards, back row
forwards, inside backs and outside backs to cover ~4662, 5262, 6095 and 4774m respectively,
with sprinting contributing to ~10, 10, 15 and 13% of the total distance, respectively (Austin et
al., 2011a).

Although the total accumulated time players engage in high-intensity exercise during a match
can be relatively brief and the distance sprinted by players short, it has been proposed that the
ability of players to perform repeated high intensity efforts (RHIE) may be critical to the
outcome of the game (Austin et al., 2011a; Roberts et al., 2008; Spencer et al., 2004). Using time
motion analysis, previous research has been performed in an attempt to quantify the
characteristics of rugby union, with specific attention to RHIE (Austin et al., 2011a). From
understanding the movement, and more specifically the RHIE characteristics of performance,
drills may then be developed to provide a position-specific training stimulus. However, as
highlighted by Cunniffe et al. (2009), labour-intensive motion analysis methods are largely
dependent on trained users. Due to the complex movement patterns and varied nature of game
play considerable subjectivity may exist when interpreting data making comparison between
coders and studies potentially problematic. More recently, the emergence of portable Global
Positioning System (GPS) tracking units in sport have provided an alternative means of analysis
(McLellan et al., 2008). To utilise the data collected from GPS it is important sport scientists and

coaches have an understanding of expected movement patterns. However, currently only three
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studies have examined time motion analysis of elite rugby union using GPS units (Cahill et al.,
2013; Coughlan et al., 2011; Cunniffe et al., 2009) with two of these studies using only a very
small sample of players (n=2; Coughlan et al., 2011; Cunniffe et al., 2009). Furthermore, the
reliability and construct validity of 1 and 5Hz devices used in these studies suggest they may
lack the sensitivity to accurately quantify changes in movement patterns in team sport (Coutts

and Duffield, 2010; Jennings et al., 2010).

Recent advancements in GPS technology have made 10Hz units commercially available which
appear to be more acceptable for quantifying movement patterns in rugby union (Castellano et
al,, 2011; Varley et al., 2012). For example, Varley et al. (2012) reported that a 10Hz GPS unit
was 2-3 times more accurate for instantaneous velocity during tasks completed at a range of
velocities compared to criterion measure, 6 times more reliable for measuring maximum
instantaneous velocity and importantly was able to detect the smallest worthwhile change during
all phases of acceleration/deceleration. Therefore, to enhance knowledge of the movement

patterns of elite rugby union players using GPS, further research is required sampling at 10Hz.

Previous research has also assessed how movement patterns and physical demands change
throughout match-play in team sports using GPS (Austin and Kelly, 2013). Understanding how
movement variables change may give an indication of the most demanding periods of play and
may help understand the effects of fatigue and/or pacing throughout a game (Austin and Kelly,
2013). This may further facilitate preparation of position specific drills and may aid player

evaluation during and following match-play.

The aim of this study was to examine the movement patterns of elite rugby union using GPS
sampling at a frequency of 10Hz, with particular attention to the sprint and RHIE characteristics

of performance and temporal changes in movement.
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5.2. Methods

To examine the movement patterns of elite rugby union match play, 33 professional rugby
players (mean + SD: 24.8 + 3.5yrs, 104.0 + 10.6kg) provided 141 GPS data files from 6
European Cup and 7 Celtic League matches’ between November to February during the 2012-
2013 season. Prior to providing informed consent, participants were given information outlining
the rationale, potential applications and procedures associated with the study (Appendix B).

Ethical approval was given by the Swansea University Ethics Committee (Appendix A).

GPS units (MinimaxX v.4.0, Catapult Innovations, Melbourne, Australia) were fitted into the
back of a custom made vest so that the unit was positioned in the centre area of the upper back
and slightly superior to the shoulder blades, with no restriction to the range of movement of the
upper limbs and torso. To facilitate familiarisation to wearing the units, players were required to
wear the vests and GPS units during outdoor training sessions throughout the season. Within the
units a tri-axial piezoelectric linear accelerometer system, which samples at a frequency of
100Hz allowed for the detections of short high-intensity bursts in rugby union that do not allow
the attainment of high speed. Using these accelerometers, previous research by Gabbett et al.
(2011) reported that tackle detection; a feature of the MinimaxX unit (Catapult Innovations,
Melbourne Australia) which also incorporates gyroscopes and magnetometers imbedded within
the unit, was valid in quantifying the contact load of collision sport athletes. These findings also
allowed Gabbett et al. (2012) to modify previous definitions of a repeated high intensity (RHIE)
bout (Austin et al., 2011a; Spencer et al., 2004) so that it may be defined as 3 or more high
acceleration (>2.79m.s?), high speed (Sm.s™) or contact efforts with less than 21s recovery
between efforts. Thus in addition to quantifying distances and distances at different velocities,
the study analysed the contact and RHIE characteristics of players. In addition, two custom
parameters derived from GPS analysis software to express the instantaneous and accumulative
demands of exercise; exertion index (Wisbey et al., 2010) and player load are reported (Young et
al., 2012).

Data files were only included for the analysis of movement if a minimum of 60min match play
was performed (McLellan et al., 2011b). Analysis was therefore conducted from 53 forward and
59 back data files. To analyse positional demands players were separated into positional groups;
tight forwards (27 data files; prop, hooker, second rows), loose forwards (26 data files; open-side
flanker, blind-side flanker, number 8), half-backs (14 data files; scrum-half, outside-half), inside

backs (17 data files; inside centre, outside centre) and outside backs (28 data files; wingers, full-

111



bac:). Movement data was downloaded and analysed using Catapult Sprint software (Catapult
Innsvations, Melbourne, Australia) for analysis of distances covered, distances at different
velccities, max velocity, accelerations/decelerations, contacts, exertion index, player load, sprint
paterns and RHIE. A further analysis of sprinting and RHIE characteristics was also performed.
Disances at different velocity zones were analysed according to the classification system
desaibed by McLellan et al. (2011b). Walking (0-1.6m.s™"), jogging ( 1.6-2.7m.s™), cruising (2.7-
3.8n.s") and striding (3.8-5.0m.s') were categorised as low-speed movement, while high-
intersity running (5.0-5.5m.s™) and sprinting (>5.6m.s’) were regarded as high-speed
moements (Gabbett et al., 2012).

In adition, a temporal analysis of movement patterns was investigated using data files from
players who completed the full game (n=71). Matches were separated into 10min periods with
time played >40min in each half excluded. For the analysis of temporal movement, distances
covered at low (1-2m.s?), moderate (2-3m.s™) and high (>3m.s) accelerations and decelerations

were categorised according to previous temporal research by Akenhead et al. (2013).

As game time varied between positional groups, a comparison of positional movement demands
was made relative to game time (e.g. metres per minute; referred to as meterage, m.min™).
Postional differences were examined using one-way repeated measures ANOVA with
bonferroni corrected post-hoc analysis. Time-course changes in movement patterns were
exanined using repeated measures ANOVA, with bonferroni corrected pairwise comparisons.
Date were analysed using SPSS v20 for Windows (SPSS Inc., Chicago, IL), with the level of

signficance set at p<0.05, and represented as mean + SD.
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5.3. Results

There were significant differences between positional groups for game-time (p<0.001), exertion
index (p<0.001), player load (p<0.01), and total number of contacts (p<0.001). On average, tight
forwards, loose forwards and half backs played 78 + 12, 87 + 12 and 83 + 12min respectively.
Post-hoc analysis shows on average inside and outside backs played significantly longer than
tight forwards (91 + 11 vs. 92 + 10min respectively; p<0.05). Post-hoc analysis also showed half
backs, inside backs and outside backs had significantly greater exertion index values (43.2 +
11.3,45.9 + 7.8 and 44.1 £ 10.0 respectively) than tight forwards (32.8 + 8.3; p<0.05), but not
loose forwards (37.5 £ 9.9; p>0.05).

Player load values for loose forwards and half backs (625 + 104 and 617 + 81 respectively) were
significantly greater than tight forwards (528 + 97; p<0.05), however inside and outside backs
were not significantly different from other positions (582 + 63 and 590 = 77 respectively;
p>0.05). A greater number of total contacts were detected for tight forwards compared to outside
backs (30 £ 15 vs. 16 + 8, p<0.05). Furthermore, there was a significantly greater number of
contacts for loose forwards (38 = 16) than half backs (19 x 9), inside backs (21 + 11) and outside
backs (p<0.05).

Comparisons of absolute and relative distances covered are shown in Tables 5.1a and 5.1b
respectively. There were significant differences between positional groups for total absolute
difference covered and absolute distances covered walking, striding, high-intensity running, low-
speed running and high-speed running (p<0.05; Table 5.1a). Furthermore, there were significant
differences in relative total distance and relative distances covered between positional groups for
walking, cruising, striding, high-intensity running, sprinting, low-speed running and high-speed

running (p<0.05; Table 5.1b).

A summary of sprint characteristics displayed in Tables 5.2a and 5.2b also display significant
positional group differences for the number of sprints performed, maximum speed and the mean

and maximum sprint distance (p<0.05; Tables 5.2a and 5.2b).

A summary of RHIE characteristics are displayed in Tables 5.3a. and 5.3b. There were
significant positional group differences for the number of RHIE bouts, the maximum number of
efforts per bout, the mean and maximum effort recovery time within a RHIE bout, and the mean

recovery time between RHIE bouts (p<0.05; Tables 5.3a and 5.3b).
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Despite there being no difference in meterage between the two halves, Table 5.4 demonstrates
significant time effect differences in player load, cruising (m.min") and striding (m.min™") from
the first to the second half. Table 5.4 also displays temporal changes in movement patterns in
10min periods, with significant time effect changes in player load, RHIE bout number, contacts,

total meterage and meterage at several velocities (p<0.05, Table 5.4).
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5.4. Discussion

The aim of the present study was to assess the movement patterns of professional rugby
union players which may help coaches and practitioners understand the physiological
demands of performance (Austin et al., 2011a). Sampling at a frequency of 10Hz, the present
study is the first assessment of the movement patterns in rugby union using units valid and
reliable for detecting high acceleration/deceleration and high-speed movements associated
with rugby union (Castellano et al., 2011; Varley et al., 2012). The study is also the first to
report exertion index, player load, and provide a detailed analysis of sprint and repeated high
intensity characteristics using GPS technology. Furthermore, we are first to demonstrate

temporal changes in movement characteristics throughout match-play in rugby union.

Total distances reported in the present study are smaller than those previously reported
(Cahill et al., 2013; Coughlan et al., 2011; Cunniffe et al., 2009) using GPS to assess
movement patterns. However values for all players, forwards and backs are similar to values
obtained by time motion analysis (TMA) reported by previous research (Austin et al., 2011b;
Quarrie et al.,, 2013; Roberts et al., 2008). With advancements in methodology one may
assume that the greatest discrepancies in results would be with TMA methods. However
methodological issues may explain differences with previous GPS research. For example
research by Coughlan et al. (2011) and Cunniffe et al. (2009) only assessed the movement
patterns of 1 forward and 1 back. However, this does not explain differences to the research
by Cahill et al. (2013) who conducted a comprehensive analysis of English Premiership
rugby which assessed 276 GPS data files. Furthermore, 1 and SHz units have been proposed
to underestimate distance covered following a tortuous route (Duffield et al., 2010; Petersen
et al., 2009), therefore variances in the total distances covered in the present study compared
to previous research may not directly relate to measurement error. Other possible
explanations for differences in movement characteristics may be due to differing playing
standards, the team assessed, opponents’ tactics, varied game characteristics and the period

of the season from which games were assessed.

Our findings support previous research which show that movement demands and thus the
physiological demands of performance vary between positional groups (Cahill et al., 2013;
Quarrie et al., 2013; Roberts et al., 2008). For example, this study found outside backs
covered a greater distance (~6272 vs. ~5244m), at a greater meterage (~68.8 vs. ~60.8m.min’
", performed a greater number of sprints (~20 vs. ~10) and reached a greater maximum

velocity (~7.8 vs. 6.9m.s') than loose forwards (p<0.05).
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In addition to quantifitying movement patterns, the paper is the first to characterise EI and
player load accumulated during performance. Exertion index values further demonstrate that
forwards have smaller running demands compared to backs, however they have greater
contact and repeated high intensity demands. Loose forwards performed a significantly
greater number of contacts (~38) compared to half, inside and outside backs (~19, ~21, ~16),
while tight forwards performed a significantly greater number than outside backs (~16).
Furthermore on average loose forwards performed the greatest amount of RHIE bouts (~13)
which was significantly greater than half backs (~5) and outside backs (~6). Previous TMA
studies have included measures of static exertion (tackling, rucking, scrummaging etc.) as
high-intensity activity and shown that despite performing less high-intensity running,
forwards spent the greatest time in high-intensity activity due to their greater demands in
static exertion (Austin et al., 2011b; Roberts et al., 2008). For example, Roberts et al. (2008)
found forwards performed a significantly greater number of static exertion activities (~89 vs.
~24) and spent greater time performing high intensity activities (running and static exertion)
than backs (~9:09 vs. ~3:04min). Coupled with locomotive demands, this may explain why
although non-significant, loose forwards had greater player load values than half, inside and
outside backs. Loose forwards did however have significantly greater player load values than
tight forwards. Despite performing a similar number of total contacts to loose forwards, an
important role of tight forwards is to scrummage where prolonged static exertion may not be
detected by accelerometers. For example tight forwards exert and are subjected to greater
forces during scrummaging (Quarrie et al., 2000) which may result in ‘temporary fatigue’;
whereby there is a reduction in high-intensity activity performed immediately following an
intense bout, with a subsequent recovery later in performance (Mohr et al., 2003). This may
be characterised by reduced locomotive patterns compared to loose forwards following a
scrum. Thus, despite advances in inertial sensor technology which may help to characterise
the movement patterns of rugby players, in particular loose forwards, further research is

required to quantify the physiological demand of performance.

The present study has also assessed temporal changes in movement patterns from data files
of players who completed full games. Similar to the findings of Austin and Kelly (2013) the
present study found transient fatigue throughout each half in multiple measures of low and
high intensity movement and low to high acceleration and deceleration movements.
Furthermore, although the number of RHIE bouts and contacts did not significantly change
during any 10min period during the first half, both measures were significantly reduced at
50-60, 60-70 and 70-80min compared to 40-50min. The study also shows that player
load.min”, cruising.min™ and striding.min” values were significantly reduced from the first

to second half.
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Despite high-speed meterage exhibiting the greatest percentage reduction from 0-10min
between 30-40min, the greatest reductions in movement in the second half compared to the
first 10min were found in low speed movements such as cruising and striding supporting
previous research in rugby union by Roberts et al. (2008). Previous TMA research by
Roberts et al. (2008) found no difference between halves for total distance covered (~3020
vs. 2987m), distance covered in high-intensity running and sprinting (~223 vs. 208m) and
time spent in high intensity activity (~3:11 vs. 2:57min). However, further analysis of the
distances travelled over successive 10min periods of match-play revealed that greater total
distance was covered in the first 10min compared with the periods of 50-60 and 70-80min
(Roberts et al., 2008). However, Roberts et al. (2008) found no differences between 10min
time periods for distances travelled in high-intensity running, sprinting or ‘running work’,
and there were no differences between the total, average or maximum time spent in high-
intensity activities or in static exertion over the 10min periods, suggesting that changes in
distance covered may have been characterised by a reduction in low intensity activities,
which may be characterised by an inability to maintain defensive position or run supporting

lines in attack (Roberts et al., 2008).

The present study also demonstrates an increase in high-intensity, sprinting and high-speed
meterage during the final 10min of the match to values non-significantly different to any
other 10min period. Mooney et al. (2013) suggest that reductions in low speed compared to
high speed movements may be evidence of ‘pacing’ whereby players sacrifice distances
covered at low speeds to compensate for the demands of high speed movement. Coaches and
sport scientists should therefore be aware of transient fatigue in rugby, with further research
required to investigate differences between positions (Austin and Kelly, 2013) and
temporary fatigue characteristics (Mohr et al., 2003). Following recent research (Cormack et
al., 2013; Mooney et al., 2013), the effect of preparedness and fatigue on work rate and
transient fatigue should also be investigated in rugby union. Furthermore, the effect of

substitutes on team movement patterns requires investigation.

The data presented from the present study, together with anthropometric and physiological
characteristics of players, may enhance knowledge of the positional requirements of
performance. This in turn may help monitor preparedness and performance (Austin et al.,
2011a), inform the planning of position specific programmes that elicit physiological
adaptations (Austin et al., 2011a) and facilitate rehabilitation (Coughlin et al., 2011). Austin
et al. (2011a) explain that by using maximum periods of activity coupled with minimum
periods of recovery; the most demanding passages of play may be replicated providing

coaches with a sense of their players’ preparedness to meet the requirements of competition.
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For example, using the present data, a protocol for an inside back which would represent the
mean average RHIE characteristics of match-play would require players to perform four high
intensity efforts interspersed by 4.9s with 12:31min between bouts. However, it is proposed
that coaches should use minimum, mean, maximum and standard deviation values reported
in the study as a reference to modulate RHIE protocols which may allow progressions in
intensity during training and rehabilitation. Varying the high intensity activity periods may
allow coaches to work on and integrate various high intensity activities patterns. Therefore
activity periods may be shorter or may consist of multiple activities. To assist in the
identification of activity patterns during RHIE bouts, synchronisation of GPS software with
motion analysis software coaches may allow coaches to identify the characteristics of RHIE

bouts which may allow great specificity and progression of protocols.

Consideration should also be given to the duration of ‘recovery’ between RHIE bouts. Using
average and standard deviation values, recovery times may be adjusted to increase intensity
of effort. Furthermore, temporal analyses from the study highlight the most intense periods
of performance and the expected reductions in several measures of movement for all players.
Knowledge of ‘worst-case’ meterage values may be used to modulate and manage intensity
of effort, and may be a valuable monitoring tool when quantifying preparedness which
would be an important process in assessing the progress of an injured player (Coughlan et
al.,, 2011). Temporal analysis from the study also highlights the potential importance GPS
monitoring may have during match-play by allowing sport scientists to observe individual or
team movement patterns and potentially advise on tactical decisions (e.g. substitutions).
Furthermore, knowledge of variations in movement patterns may aid the application of

match-day strategies to enhance performance (e.g. half-time re-warm up; Mohr et al., 2004).
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5.5. Practical applications

The findings of the present study may be used to facilitate the planning and implementation
of training programmes that elicit appropriate and specific physiological adaptations.
Knowledge of team, position and individual temporal movement patterns may also aid the
preparation of conditioning and rehabilitation drills. Monitoring of temporal patterns, in
particular low speed movements and player load may allow coaches and sport scientist to
assess preparedness for performance and fatigue during match-play. Knowledge of transient
fatigue may also have important implications for tactical decisions made during match-play

and the use of match-day strategies to enhance performance.

This study has characterised the movement patterns of professional rugby players,
demonstrating variances in positional demands which may be used to help understand the
physiological demands of individuals. This in turn may be used to devise positional specific
drills to enhance physiological preparation for performance and may be used for the
monitoring and management of individuals. We also show evidence of transient fatigue in
rugby union which may also have important implications for physiological preparation,

assessment and monitoring of performance.

128



EXPERIMENTAL STUDY 2
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6. Biochemical responses to physical contacts and high-speed running in professional

rugby union players
6.1. Introduction

Rugby union is a physically demanding game characterised by repeated high-intensity bouts
of relatively short duration exercise, with varying recovery periods (Cahill et al., 2013;
Roberts et al., 2008). The high-intensity bout characteristics are largely positional dependent
(Cahill et al., 2013); however, all players are exposed to a high magnitude of physical
contacts and collisions (Cunniffe et al., 2010; Quarrie et al., 2013), and high intensity
stretch-shortening cycle (S§SC) movements. Research has demonstrated large elevations in
blood markers of muscle damage (e.g. creatine kinase) (Cunniffe et al., 2010; Smart et al.,
2008; Takarada, 2003), and disruptions to neuromuscular (West et al., 2014), hormonal
(Cunniffe et al., 2010; Elloumi et al., 2003; West et al., 2014), immune functions (Cunniffe
et al., 2010) and mood (West et al., 2014) for several days following competition and as a
consequence, players may take several days to fully recover following competition (West et
al., 2014).

Insufficient recovery following competition may compromise players’ ability to train, and
with the accumulative stress of subsequent training, may compromise players’ preparation
for subsequent games (McLean et al.,, 2010). Furthermore, acute and chronic insufficient
recovery may predispose an individual to a greater risk of injury (Lazarim et al., 2009) and
the development of overtraining syndrome (Kellmann, 2010) respectively, therefore

insufficient recovery may have great implications for player preparation and performance.

Previous research has also highlighted the individual nature of recovery in professional
rugby union (West et al., 2014). For example, West et al. (2014) found countermovement
peak power output of 50% of players had not returned to pre-match values 60h post-match.
Knowledge of individual recovery patterns could therefore be used to benefit player
management through individual modification of subsequent training and recovery strategies
(West et al., 2014). However, assessing recovery following each game is often associated
with invasive collection procedures and analysis which may take several hours or days to
conduct (e.g. hormone analysis from saliva sample, (Thorpe and Sunderland, 2012); muscle
damage from blood sample; (Cunniffe et al., 2010)); thus information attained may not be
used for individual recovery and subsequent weekly training modulation. It has been
suggested that match play performance characteristics could be used to prospectively
modulate individual recovery in rugby union (Cunniffe et al., 2010; Takarada 2003) and
other team sports (McLellan et al., 2011a; McLellan et al., 2012; Thorpe and Sunderland,
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2012). Physical contacts have been demonstrated to correlate with post-match creatine
kinase (CK; an indirect blood marker of muscle damage) responses in rugby union (Cunniffe
et al., 2010; Smart et al., 2008; Takarada, 2003) and neuromuscular recovery in rugby league
(McLellan et al., 2012), suggesting recovery may be determined by the extent of mechanical

damage induced through contact during performance in rugby codes.

With the metabolic, mechanical and neural elements associated with fatigue following SSC
activity (Nicol and Komi, 2003), it is also likely that muscle damage and neuromuscular
fatigue following rugby union may partly be determined by the extent of high-intensity
movement characteristics. Indeed, through advances in match analysis technologies, global
positioning system (GPS) tracking has shown relationships between high-speed running
characteristics and changes in CK (Thorpe and Sunderland, 2013; Young et al., 2012) and
neuromuscular function (Duffield et al., 2012) during the recovery period in team sports,
such as soccer (Thorpe and Sunderland, 2012) and Australian rules football (Young et al.,

2012), however at present this analysis has not been carried out in professional rugby union.

Therefore, the aim of this study was to examine whether performance characteristics
associated with high-speed movements and physical contacts during match play are
correlated to post-match changes in creatine kinase; a surrogate marker of muscle damage in

professional rugby union players.
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6.2. Methods

Performance characteristics and the subsequent recovery process were assessed following
four group stage matches of the 2012-2013 European Cup, the elite competition in Northern
Hemisphere club rugby. Players were required to report to testing 2h prior to kick off and
approximately 16 and 40h following its completion. On each testing occasion a finger-prick
blood sample was collected for the assessment of creatine kinase (CK); a blood marker of
muscle damage. Players were separated into forwards and backs groups to assess the
correlation between pre to post-match changes in CK and performance characteristics

derived by use of global positioning system (GPS) and notational analysis.

Thirty-six male rugby union players volunteered for the study. Participant data files were
only included in the analysis if they performed a minimum of 60min of match play
(McLellan et al., 2011a; McLellan et al., 2012). Subsequently, only data from 28 players
(age 25.1 + 3.1yrs) were analysed (15 forwards, 26.7 + 2.8yrs, 111.6 + 5.7kg; 13 backs, 23.4
+ 2.6yrs, 94.2 + 7.9kg). Prior to providing informed consent, participants were given
information outlining the rationale, potential applications of the study and procedures
(Appendix B). Ethical approval was given by the Swansea University Ethics Committee
(Appendix A).

Upon arrival on testing days, players placed their non-dominant hand in a basin of warm
water (40-42°C) prior to capillary blood collection. Following 2min, a pinprick on the finger
of the warmed hand was made using a spring-loaded single use disposable lancet (Accu-
Chek Safe-T-Pro Plus; Roche, Basle, Switzerland) which allowed approximately 300ul of
capillary whole blood to be collected (Microcuvette® CB300, Sarstedt, Numbrecht,
Germany). Samples were then put on ice until being centrifuged for 10min at 3000rpm
(Heraeus Sepatech Labofuge 200; Kendro Laboratory Products, Germany), from which
plasma was pipetted into an eppendorf tube and stored at -70°C until analysis. This process
was repeated 16 and 40h post-match. Plasma was analysed for CK using an automated
clinical chemistry analyser (Cobas Miras; ABX diagnostics, Beds., UK). The intra-assay
coefficient of variance (CV) was 0.93 + 0.00%.

Global positioning system units (10Hz; MinimaxX v.4.0, Catapult Innovations, Melbourne,
Australia) were fitted into the back of a custom-made vest so that the unit was positioned in
the centre area of the upper back and slightly superior to the shoulder blades, with no
restriction to the range of movement of the upper limbs and torso. GPS data was downloaded
and analysed using Catapult Sprint software (Catapult Innovations, Melbourne, Australia)

for analysis of distances covered. Distances covered at low and high-speed movements were
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analysed according to velocity thresholds previously reported (Gabbett et al., 2011). High-
speed measures analysed were high-speed running distance (>5m.s™), sprint distance
(>5.6m.s') and number. The units were also used to provide total contacts from
performance. Tackle detection; a feature of the MinimaxX unit (Catapult Innovations,
Melbourne, Australia) which incorporates a tri-axial piezoelectric linear accelerometer
system, gyroscopes and magnetometers imbedded within the unit has been shown to provide

a valid quantification of the contact load in rugby league (Gabbett et al., 2010).

Analyses of physical contacts were also provided by the teams’ performance analysis
department. Using Sportscode (Sportstec, NSW), the number of tackles, hit ups (Smart et al.,
2008) and the number of times the player made contact at the breakdown area were noted,
providing a measure of total impacts. Furthermore the number of scrums engaged by

forwards were also analysed.

Following each game, players performed the same standardised recovery process.
Immediately post-game, contrast water therapy was administered (2min warm (40-42°C),
2min cold (10-15°C) x3), with players finishing in cold water. Following next day testing
(approx. 16h post-match), players then undertook an active recovery session which involved
3 sets of 4min bike or cross-trainer at 65 + 5% age predicted max heart rate, followed by

4min light movement on the same equipment.

Analysis of movement and contact characteristics and their correlations with changes in CK
were conducted within the forwards (props, hooker, second rows, flankers and number 8)
and backs (scrum half, outside half, centres, wingers and full back) positional groups due to
movement and contact variances between groups (Quarrie et al., 2013). To identify and
remove outliers from the data, Z-scores for CK at each time points were analysed. The
criterion for an outlier at a time point was defined as any value greater than two standard

deviations from the position mean (Field, 2005).

Global positioning system data analysed using Catapult ‘Sprint’ software (Catapult
Innovations, Melbourne, Australia) were exported to CSV files for further analysis in
Microsoft Excel (Microsoft Office Excel 2010, Microsoft Corporation, Berkshire, UK). A
mixed model ANOVA was used to assess changes in CK concentrations from pre-game to
post-game and assess movement and contact statistics within each positional group.
Significant differences in CK concentrations were located by a Bonferroni corrected pair-
wise comparisons. The criterion level for significance was set at p<0.05. Correlations
between CK and performance characteristics within each group were analysed using the

Pearson Product-Moment Correlation Coefficient. Magnitudes of effect of the correlations
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were determined as follows: trivial <0.10; small <0.10-0.29; moderate 0.30-0.49; large 0.50-
0.69; very large 0.70-0.89; and nearly perfect 0.90-0.99 (Hopkins et al., 2009). All statistical
analyses were performed using the Statistical Package for the Social Sciences (SPSS for

Windows, version 14.0; SPSS, Inc., Chicago, IL, USA).
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6.3. Results

In total 57 data files (45 including GPS) were collected with each forward and back playing
an average of 2.0 = 0.6 and 2.1 + 1.0 games each. When separated into position groups, 27
backs (22 including GPS) and 30 forwards (23 including GPS) data files were used for

analysis.

Table 6.1 shows positional differences between forwards and backs. Results demonstrate
that contact demands were significantly greater for forwards, while backs; who played
significantly longer than forwards (p<0.05), covered greater total distances (p<0.01), covered
greater distance per minute (m.min’'; p<0.01), performed a greater number of sprints

(p<0.001), and covered greater distances sprinting and at high-speed (p<0.001; Table 6.1).

There was a significant time effect (p<0.05) and a significant effect of player positional
group (p<0.05) in the plasma CK responses. Baseline Plasma CK concentrations were
significantly different between forwards and backs (274 + 155 and 368 + 127 UL,
p<0.05). CK concentrations were significantly increased at all post-match time points
(p<0.05), with changes in CK greater in backs, when compared to forwards at 16h (forwards
A705 + 483 vs. backs A1237 + 871 TUL"; p<0.01) but not at 40h post-match (forwards
A383 + 329 vs. backs A540 + 412 TU.L", p=0.12).

Correlations between changes in CK and performance analysis and GPS measures from

match play are displayed in Tables 6.2 and 6.3, respectively.

Analysis of forwards show significant moderate correlations between various contact
measures derived from performance analysis and both ACK and % change in CK (A% CK)
at 16 and 40h post-match (Table 6.2, p<0.05).

Significant moderate to large correlations were observed for the backs between contact
measures derived from performance analysis and both ACK and A% CK at 16 and 40h post-
match (p<0.05). Furthermore, non-significant, moderate correlations were observed between
GPS measures associated with high-speed movement and both ACK and A% CK at 16 and
40h post-match (Table 6.3).

No significant correlations were found between total contacts detected by micro-sensors
within the GPS units and changes in CK, however a moderate effect size correlation was

observed with A% CK at 40h post-match for the backs (Table 6.3).
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Table 6.1. Summary of performance markers derived from global positioning system (GPS)

and performance analysis data. Data presented as mean +SD.

Forwards Backs
Performance analysis n=30 n=27
Game time (min) 8013 87 +11°
Tackles 5+3 4+3
Hit-ups 5£2 543
Contacts hit 15+ 6° 6+4
Total impacts 25+9° 157
Scrum number 13+5° 0£0
GPS n=23 n=22
Distance (m) 4906 + 902 5959 + 1013°
m.min’! 60.4+7.8 67.8 +8.2°
Sprint number 7+6 18 +6°
Sprinting (m) 121 £ 112 333 £122°
High-speed running (m) 231 £ 167 509 + 150°
Total contacts 31+ 14° 167

Value significantly greater than other positional group *<0.05 °<0.01 °<0.001
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6.4. Discussion

The aim of this study was to investigate the relationships between performance markers
associated with physical contacts and high-speed movement, and post-match changes in

creatine kinase (CK) in professional rugby union players.

Here we demonstrate that muscle damage, as indicated by CK concentrations, is correlated
with the number of physical contacts performed during rugby union match play.
Furthermore, we show that the muscle damage experienced by backs is associated with high-

speed running derived from GPS.

In accordance with previous research (Cunniffe et al., 2009), peak increases in CK levels
were observed at 16h post-match (~417%), with values remaining significantly elevated
from pre-game values at 40h post-match (267%). Furthermore, we demonstrated significant
relationships between various contact measures derived from performance analysis (e.g.
tackles made, hit-ups) and changes in CK concentrations at both 16 and 40h post-match,
which is consistent with previous research demonstrating that increases in muscle damage
from rugby union match play are largely determined by the extent of mechanical damage
induced through physical contact (Cunniffe et al., 2010; Smart et al., 2008; Takarada, 2003),
with body to body contacts, collisions and tackles being significantly related to changes in
CK concentrations (Cunniffe et al., 2010). These findings may be explained by the blunt
force trauma from physical contacts which disrupt skeletal tissue structure integrity;
subsequently increasing cell permeability and the diffusion of soluble enzymes such as CK

into the interstitial fluid (Cheung et al., 2003).

The present study is the first to demonstrate that muscle damage induced by match play is to
some extent determined by high-speed movement characteristics in rugby union backs.
Results from this study demonstrate moderate effect size correlations between sprint number,
sprint distance, and high-speed running distance with ACK and A% CK at 16 and 40h post-
match for backs. These correlations may be explained by high-force, eccentric work when
performing SSC activities such as high-speed running, which may exceed the muscles ability
to actively resist load, forcing the muscle to lengthen and generate greater active tension
(Stauber, 2004). Therefore, in addition to monitoring the extent of contact performed,
monitoring the extent of high-speed running conducted may be important in attempting to

assess the physiological impact of match-play in back players.

The relationships between movement characteristics and changes in CK concentrations

found in the present study support previous research which show correlations between
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measures related to high intensity running distance (>4.167m.s™") and an increase in CK
levels in semi-professional football (Thorpe and Sunderland, 2012), however, we are the first
to demonstrate this in professional rugby union. Thorpe and Sunderland (2012) found that
the change in ACK was related to the total number of sprints performed (>5 m.s™ r=0.80)
and sprint distance (r=0.78), while percentage change in %ACK correlated to sprint number
(r=0.86), sprint distance (r=0.89) and high intensity distance covered (r=0.92). Furthermore
in Australian rules football, reductions in neuromuscular function and changes in CK post-
match have been demonstrated to have stronger correlations with measures associated with
high-speed running than total running distance (Young et al., 2012), suggesting that muscle
damage and neuromuscular recovery following competition in rugby union is more likely
determined by the extent of high-intensity SSC activity performed than total distance
covered. Although we did not measure neuromuscular function this should not detract from
the application of our data, as previous research has demonstrated strong correlations
between functional recovery and blood markers of muscle damage (Avela et al., 1999;

Horita, 2000).

Although correlation is by no means causation, a potential explanation for the relationships
between high-speed movement and changes in CK only being observed in backs is likely due
to their greater high-speed running demands when compared to the forwards as demonstrated
in study one. Additionally, it may also be due to the velocity thresholds used in the present
study. Dwyer and Gabbett (2012) identify that many sprints in team sport involve maximal
efforts of a short duration (~1-2s) which do not allow the attainment of high-speed and are
thus not reported as high-speed or sprinting efforts. Previous research has demonstrated that
changes in CK concentration following Australian rules football were correlated to high
acceleration metres covered (Young et al., 2012), thus correlations for forwards and backs
may have been stronger in the present study if high-acceleration movements were included

in analysis in addition to high-speed movement.

Previous research has demonstrated that forwards spend a greater duration in static exertion
(Roberts et al., 2008) and are involved in a greater number of contacts (study one) than
backs. However, with only moderate correlations found between contact statistics and
muscle damage in the present study for forwards, quantifying the extent of contact as
opposed to the number of contacts may be more important in determining the extent of work
done. For example, in the present study small effect size correlations were found between
scrum number and changes in CK. Smart et al. (2008) describe that at engagement, the large
impact created from the momentum of both packs is likely to create substantial physical

trauma and impact in the front row, however the impact and trauma experienced by back row
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forwards; who play a ‘supporting role’, is likely to be less substantial. Therefore although
contact statistics may give an indication of the extent of muscle damage experienced By v
players, it does not account for the extent of contact or exertion. Furthermore, in the present
study, total contacts detected within the GPS units only showed a moderate correlation with
%ACK within the backs at 40h post-match. Thus, despite advances in GPS technology in

quantifying physical contacts, further research is required.

We were limited in our ability to perform additional measures alongside the measurements
of CK, such as neuromuscular function and hormonal responses due to limited time and
facilities available for testing prior to each match. Indeed, it would be important to examine
the extent performance characteristics correlate to changes in these post-match measures as
there is potential for neuromuscular function reduction to remain, despite normalised CK
(West et al., 2013), and steroid hormone profiles (West et al., 2014). Another potential
limitation of the study was that arterialised blood was used to analyse CK levels. Previous
studies in rugby union have obtained blood samples by venepuncture (Cunniffe et al., 2010)
or cannulation (Takarada, 2003) which are considered the gold standard approach for
indirectly determining skeletal muscle damage (Nunes et al., 2006). However similar to
previous research in team sports (McLellan et al., 2011a; Thorpe and Sunderland, 2012) a
capillary blood sample was collected in the present study via a fingertip puncture, which
provides a simpler, less-invasive and safer means of blood collection (Knoblauch et al,
2010). Capillary blood sampling may be more convenient within a team-sport setting,
especially prior to competition; however this method also requires arterialisation via hot
water to enable a free flowing sample, which may influence collected measures (Maughan et
al., 2006). Where sampling occurs over time, therefore, and where the degree of
arterialisation will influence measures made, this may cause major problems (Maughan et
al., 2006). However, research has shown strong correlations between capillary and venous
samples when monitoring CK levels post eccentric exercise, suggesting capillary blood is a
valid alternative to venous blood when evaluating changes in CK post-exercise (Knoblauch

et al., 2010).

Despite these potential limitations, the results of this study add to the literature and our
understanding of post-match changes in muscle following rugby union match play; we
believe our data have implications for player management post-match. As an alternative to
assessing individual recovery following each game, research suggests that certain
performance characteristics could be used to prospectively predict individual recovery in
rugby union (Cunniffe et al., 2010; Smart et al., 2008; Takarada, 2003) and other team sports
(McLellan et al., 2011a; McLellan et al., 2012; Thorpe and Sunderland, 2012). From the
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present study it has been demonstrated that muscle damage, as indicated by CK
concentrations, following professional rugby union is to some extent dependent on the
number of physical contacts for all players, and the extent of high-speed running for backs.
Therefore, despite being involved in the same team, the extent of muscle damage and
subsequent recovery for one player may vary greatly from another player based on their
performance characteristics. Indeed, as found by West et al. (2014), the present study
demonstrates a highly individual nature of recovery; with a large range in ACK at 40h post-
match (30 to 1849 TU.L™). Thus it is proposed knowledge of individual recovery could be
used to benefit player management through individual modification of training and recovery
strategies. Future research to establish which recovery modalities may be more appropriate

for each mechanism of muscle damage may further enhance provision post-match.

Despite the exciting implications of the study findings, several considerations should be
made. Firstly, correlations were found for forwards and backs groups and measures of
performance however the strength of correlations and relative importance of different
characteristics may vary within these groups. For example, study one found that outside
backs covered significantly greater high-speed running distances than half backs during
match-play, therefore high-speed running may be a greater determinant of muscle damage
for outside backs compared to half-backs. Similar to previous research, future research to
establish multiple regression equations which account for both contact and high-speed

movements to predict recovery may be warranted (Smart et al., 2008).

When determining the physiological cost of match-play from performance markers,
practitioners should also be aware of the influence physical preparedness may have on
muscle damage and fatigue. Research has shown that runners who had the greatest
reductions in running pace during a marathon had significantly elevated post-race
myoglobin, lactate dehydrogenase and creatine kinase levels in comparison with marathon
runners that preserved their running pace reasonably well throughout the race (Del Coso et
al., 2013). Additionally, recent research demonstrates that post-match fatigue in rugby league
is lower in players with well-developed high-intensity running ability, and lower body
strength, despite exhibiting greater internal and external match loads (Johnston et al., 2014a).
Thus, for two players who perform an equal volume of work in rugby union, the player with
the greater levels of physical preparedness may not display elevations in muscle damage or
fatigue as great as one less prepared. Furthermore, Mooney et al. (2013) showed that
neuromuscular fatigue resulted in reductions in exercise intensity. Thus either neuromuscular

fatigue prior to or during match-play may increase susceptibility to muscle damage.
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6.5. Practical applications

This study is the first to assess the relationship between the biochemical responses to high-
speed running and physical contacts using GPS technologies and performance analysis
methods. The findings of the study suggest that the factors associated with muscle damage
induced from match play are positional dependent. As demonstrated by previous
performance analysis studies, the extent of muscle damage post-match is to some extent
dependent on the total number of physical contacts induced during performance for all
positions. Furthermore, the study is the first to show that for back players, muscle damage

may also be due to the extent of high-speed running performed.

With previous studies demonstrating an individual nature of recovery, the findings of the
study suggest that GPS and performance analysis may be used by coaches and practitioners
to prospectively tailor individual recovery strategies and subsequent training following
match play. Thus GPS and performance analysis may have great implications for player

management in rugby union.
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EXPERIMENTAL STUDY 3
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7. Does cold water immersion impair adaptation to strength training in professional

rugby union players?
7.1. Introduction

Rugby union is a physically demanding contact sport characterised by repeated high-
intensity bouts of short duration exercise, with varying and often incomplete recovery
periods (Cahill et al., 2013; Coughlan et al., 2011; Cunniffe et al., 2010; Roberts et al.,
2008). As a consequence of competition, players may take several days to fully recover (e.g.
West et al., 2014). For example, research demonstrates large elevations in blood markers of
muscle damage (e.g. creatine kinase) (Cunniffe et al., 2010; Smart et al., 2008; Takarada et
al., 2003), and disruptions to neuromuscular (West et al., 2014), hormonal (Cunniffe et al.,
2010; Elloumi et al., 2003; West et al., 2014), immune functions (Cunniffe et al., 2010) and

mood (West et al., 2014) for several days following competition.

With the accumulation of subsequent training and performance, insufficient recovery prior to
the start of the training week may compromise players’ ability to train, and with the added
stress from training, players’ preparation for subsequent games may be compromised
(McLean et al., 2010). Insufficient recovery may also predispose an individual to a greater
risk of injury (Lazarim et al., 2009) and the development of overtraining syndrome
(McLellan et al., 2012). Therefore, in an attempt to accelerate recovery following training
and competition, it is common practise to employ one or more post-exercise recovery
strategies, such as cold water immersion (CWI); with these being reported to reduce the
extent of muscle damage, inflammation and contractile function impairment following
exercise (Wilcock et al., 2006). Indeed a recent meta-analysis found that CWI is an effective
strategy to enhance recovery of muscle power post-exercise (Leeder et al., 2012a).
Furthermore, research demonstrates that CWI (e.g. 2x5min at 10°C; Ingram et al., 2008) is
an effective strategy in reducing blood markers of muscle damage (e.g. Vaile et al., 2008)
and delayed onset of muscle soreness (DOMS) post-exercise (e.g. Vaile et al., 2008), and
may enhance recovery of strength (e.g. Bailey et al., 2007), speed (e.g. Ingram et al., 2008),
and parasympathetic nervous system activity (e.g. Buchheit et al., 2009). Therefore, CWI
appears to be an integral component of recovery and preparation during periods of

competition.

In addition to teams using CWI to speed up recovery from matches, CWI may be used post-
training during periods of physical development such as pre-season in attempt to optimise
training adaptation; by potentially allowing greater training loads (increased frequency,

intensity or duration) to be performed in subsequent sessions, thus increasing the stimulus
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for adaptation (Versey et al., 2013). However, despite enhancing physiological recovery for
subsequent sessions, the use of CWI to enhance adaptation may be counterintuitive. For
example, it has been suggested that muscle damage and the subsequent inflammatory
response is a vital precursor for the signalling mechanisms which initiate the repair and
growth of cells (Carlson and Faulkner, 1983), therefore incorporating strategies which
attempt to blunt the effects of exercise induced muscle damage may in fact reduce the
potential for training adaptation to occur. Indeed research has demonstrated that several
strategies which aim to reduce the extent of the inflammatory process; CWI (Frohlich et al.,
2014; Yamane et al., 2006), local cold pack application (Nemet et al., 2009) and antioxidant
supplementation (Fischer et al., 2004; Gomez-Cabrera et al, 2008; Strobel et al., 2010), may
inhibit the stimulus for adaptive physiology. Therefore, during periods where physical
development is of prime importance such as pre-season, the use of recovery strategies such

as CWI may in fact impede adaptation.

Currently there is lack of literature examining the effect of CWI on adaptation in elite
athletes; therefore best practice recovery protocols during periods of adaptation are unclear.
In attempt to understand the role CWI has on adaptive physiology in elite athletes, the aim of
this study was to assess the effect of CWI on adaptation to strength training during pre-

season in rugby union.
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7.2. Methods

Subjects were members of a senior professional rugby union team, with the study conducted
during pre-season prior to the 2013-2014 season. Players with existing injuries or modified
training patterns were excluded from the study. Consequently, 22 male professional rugby
union players volunteered for the study. All players had been engaged in a structured weight-
training program for at least 2 years and were able to complete an isometric mid-thigh pull
(IMTP) with correct technique as assessed by a qualified strength and conditioning coach.
Prior to providing informed consent, participants were given information outlining the
rationale, potential applications of the study and procedures (Appendix B). Ethical approval
was given by the Swansea University Ethics Committee (Appendix A).
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A randomised control trial research design was used to investigate the effect of CWI on
adaptation to strength training during a five week training block (Table 7.1). To determine
baseline maximal strength, IMTP testing was conducted on the first day of pre-season for the
measurement of peak force (PF) and relative peak force (Rel. PF). The following day players
then completed bench press and chin-up 3RM tests as part of their upper body strength
session. Body composition tests were also conducted prior to baseline testing by an
International Society for the Advancement of Kinanthropometry (ISAK) accredited
technician. Following testing, players were pair-matched into two post-training recovery
groups; CWI (n=11, 24 + 3yrs) or a control group (CON; n=11, 24 =+ 4yrs), with
consideration to strength results, playing position, training experience and key lift selection.
Recovery sessions were implemented immediately following the final session of each day
(within 10 and 20min of lower body strength training and conditioning/rugby sessions
respectively) during the five week period. To establish the efficacy of strength training on
adaptation, the IMTP, bench press and chin-up tests were repeated one week following the
completion of the five week training period. All testing, training and recovery sessions were
conducted and monitored at the team’s training facilities. Prior to the five week training
period, players were required to complete two weeks of prescribed self-directed preparatory
training which was designed to re-introduce the exercises used in pre-season in attempt to
reduce muscle soreness and injury. Pre-season training followed a weekly pattern as shown
in Table 7.1; however IMTP strength testing preceded speed and skills training on the
Monday of the first week. The number of training sessions completed by players is shown in
Table 7.2. Key lifts for lower (squat or trap bar) and upper (bench press and chin-up)
strength training during the five weeks were prescribed by the team’s strength and

conditioning coach (4-5 sets x 3-6 reps; 80% 1RM).

Players were not scheduled to train on Wednesday and Saturday, however extra conditioning
was prescribed for all players on Saturday during weeks 2 and 5. Furthermore, certain
players were required to perform extra conditioning sessions due to body composition issues.
Players were provided with pre and post-training nutrition throughout the training period.
Hydration status was assessed prior to the first session of the day on Monday and Thursdays

to provide feedback to players on hydration status (Osmocheck; Cranlea. Birmingham, UK).
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Following the final training session of the day players assigned to the CWI group were
immersed in cold water to the level of the anterior superior iliac spine at 10-15°C (Comark
PDT300; Comark Instruments, Norwich, UK) in a portable ice bath (White Gold Fitness,
Bedford, UK). Immersion protocols were progressed to facilitate tolerance to CWI based on
previous experiences with the subject group. During weeks 1-3 players were immersed for
2x5min (Ingram et al., 2008), with 2min between immersions standing out of the bath. For
the final two weeks of the training block players were immersed for 1x10min (Bailey et al.,
2007). Players were permitted a maximum of 2min to shower clean prior to CWI however
they were not permitted to return to the shower between or following immersions as this may
have been counterproductive to the vasoconstrictive effects of CWI (Cochrane, 2004).
Players were requested to attend for CWI immediately following their final session of the
day (with exception to any extra conditioning sessions on Wednesdays or Saturdays)
however they were not restricted to nutritional supplements immediately post-exercise which
were prescribed during this period. Players assigned to the CON group received no post-

exercise recovery intervention during the training period.

The IMTP testing was carried out with players standing on a portable force platform (type
92866AA, Kistler Instruments Ltd., Farnborough, United Kingdom), which was positioned

on the floor centred underneath the bar of a power rack.

Prior to pre-training IMTP testing, players were positioned so that they assumed a body
position similar to that of athletes in the initiation of the second pull of a clean. This position
allowed athletes to maintain a knee angle of approximately 120-140° as previously used
(Haff et al., 2005; Stone et al., 2004). The pull-bar (Keiser UK, Tetbury, Gloucestershire,
United Kingdom) could be fixed to various heights above the force platform, to
accommodate different sized players. The height at which players pulled from was recorded
so that players adopted the same position for post-training testing. The custom made pull-bar

prevented any bending of the bar during the pull and the rack was anchored to the floor.

Prior to testing players commenced a standardised warm up which included Smin dynamic
movement followed by sequential 60, 90 and 120kg mid-thigh clean pull or rack pulls (2-3
reps) depending on the players’ preference. In preparation for maximal effort testing, one
submaximal practice effort was then performed which also allowed investigators to ensure

starting position could be maintained during testing.

When testing, the players stood on the force platform, and their hands were strapped to the
bar using lifting straps. Minimal pre-tension was allowed to ensure that there was no slack in

the subjects’ body prior to the initiation of the pull (Beckham et al., 2013). The portable
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force platform with built-in charge amplifier was used to measure the vertical component of
the ground reaction force (GRF) of the subjects during performance of a maximal effort
IMTP. A sample rate of 1,000 Hz and a vertical force range of 20 kN were used for all trials.
The force—time data were recorded on a portable computer using a 16-bit analog to digital
converter. A sample length of 10 seconds was used for all trials, consisting of a 5s quiet
standing phase, and a 5s period when players performed the IMTP following the command
to ‘go’. The platform’s calibration was checked before and after each testing session. During
each trial, subjects were instructed to pull as hard and as fast as possible for a period of
approximately 5s. These commands were based on previous research indicating that the use
of these instructions produces optimal results for the attainment of maximal force (Bemben
et al., 1990; Rahmani et al., 2001).

During upper body testing, players were asked to build up to a 3RM on the bench press and
the chin-up. Prior to testing players completed a Smin dynamic warm up and 2-4 sets of 3-6
reps (~35-80% 1RM) of both bench press and chin-ups in preparation for maximal effort
testing. When performing the bench press, players were requested to keep their hips on the
bench and feet on the floor, and perform a full range of motion (i.e. to complete a repetition
bar was lowered to chest and returned to a ‘locked-out’ arms position). Hand width on the

bar performing the bench press was self-prescribed.

To add resistance to the chin-up, players added weights to a belt which was supported
around the waist. Using a shoulder width supinated grip, players lowered themselves to hang
so that arms were ‘locked-out’, and paused before being instructed to start the test. Each
repetition was initiated from this position and was completed once the shoulders reached the
line of the bar. Players were asked to work up to a 3RM however 2 and 4RM efforts were

also accepted.

A period of familiarisation was not required for IMTP, bench press or chin-up testing prior
to the initiation of the study, as the players were used to the tests and procedures as part of

their normal testing battery.

Calculation of peak force from GRF-time history was determined using methods previously
used in professional rugby league using similar testing procedures (West et al., 2011). A
reliable start time or initiation of the IMTP was needed as a reference point for calculation of
PF (Newtons; N). The force-time history was not suitable to define a start time because it
lacked stability because of the subject holding onto the bar of the rack thus causing a,
sometimes considerable, variation in the force being transmitted through the force platform
during the pre-command quiet standing phase. However, the rate of change of force with

respect to time, that is, rate of force development (RFD) did show stability during this
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period, and therefore, this variable was suitable to determine a quiet standing baseline value
and threshold, beyond which the IMTP could be defined as having started. The instantaneous
rate of change of force with respect to time was calculated from the first derivative of the
vertical component of the GRF-time history. The GRF-time history was first filtered using a
dual-pass Butterworth filter (low pass, 20-Hz cut-off) and then numerically differentiated
using the central difference method. Filter settings were determined from a pilot study based
on Fourier analysis and inspection. The first second of the first derivative—time history was
then discarded to avoid the edge effects associated with digital filtering, and a mean and SD
were calculated for the remaining 1 second of quiet standing immediately before the trigger
point. The start time of the IMTP was then defined as the instant, after the trigger point, that
the first derivative exceeded the mean value plus 5 SDs. The PF was determined from the
vertical component of the GRF-time history and was defined as the peak produced during
the IMTP minus the subject’s body weight, which was measured prior to testing (Seca 876;
Seca, Birmingham, U.K.). Subsequent to the determination of PF, Rel. PF was then

calculated by dividing PF by the subject’s body weight.

Calculation of bench Press and chin-up 1RMs from 3RM (+1) testing were determined by
use of prediction tables (Baechle and Earle, 2008). Body fat was measured as the sum of 8§
calliper measurements (triceps, subscapular, bicep, iliac crest, supraspinale, abdominal, front
thigh and calf; ISAK, 2007) and expressed as total millimetres (mm). Excluding iliac crest,
the remaining 7 measures were then used to provide an estimate of fat mass (Wilmore and

Behnke, 1970; Siri, 1961) from which an estimate of fat free mass was calculated.

Data are presented as mean + SD. Within-group changes and between-group differences in
strength measures were analysed using a two-way (group*time) repeated measures analysis
of variance (ANOVA) with paired t-tests carried out were relevant. The criterion level for
significance was set at p<0.05. Statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS for Windows, version 14.0; SPSS, Inc., Chicago, IL,
USA).
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7.3. Results

Following a 5 week pre-season training period, two players from the CON group were
unable to have their body composition re-tested. Nevertheless, Table 7.3 demonstrates that
were significant reductions in body fat (F=24.616, p<0.001) and increases in estimated fat
free mass (F=43.047, p<0.001) in both groups, with no significant differences in the extent

of change between the two groups.

Mean pre and post-training strength values from both training groups are shown in Table 7.4,
which display that strength values were similar between the two groups at baseline.
Predicted 1RMs for bench press and chin-up significantly improved in both groups
(F=32.303, p<0.001; F=22.376, p<0.001; respectively), but there was no effect of recovery
condition on either strength measure. However there were significant time*recovery group

interactions observed for IMTP PF (F=6.138, p<0.05) and Rel. PF (F=7.146, p<0.05).

Significant improvements in IMTP PF (Figure 7.2) and Rel. PF were observed following
training for participants in the CON group (PF 181 + 153N, p<0.05; 95% CI=78-284N; Rel.
PF 1.8 + 1.6N.kg", p<0.05; 95% CI=0.6-2.9N.kg"'), however no significant changes were
observed for those in the CWI group (PF -23 + 226N, p>0.05; 95% CI=-175-129N; Rel. PF -
0.6 + 2.4N kg, p>0.05; 95% CI=-2.2-1.0N.kg™).
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7.4. Discussion

During periods of training such as pre-season in rugby union, a high frequency, intensity and
volume of training may result in fatigue; which may characterised by the sensation of
tiredness and/or decrements in muscular performance and function (Abbiss et al., 2005).
Therefore post-exercise recovery strategies are utilised in attempt to accelerate recovery and
thus maintain training quality, sustain greater training loads or enhance the effect of a given
training load (Barnett, 2006). In particular, CWI is used widely in team and contact sports
(e.g. Barnett, 2006) due to its demonstrated ability to enhance recovery of physical function

and reduce the extent of DOMS post-exercise (Leeder et al., 2012a).

The mechanisms of CWI are proposed to be largely based on the effects of hydrostatic
pressure (Wilcock et al., 2006). When external pressure on the body is increased, gas, fluid
and substances are displaced to lower pressure areas. Hydrostatic pressure from CWI
increases the pressure gradient between the interstitial compartment and the intravascular
space to aid in the removal of plasma/exudate, thus reducing the cellular infiltration of
inflammatory cells such as leukocytes and monocytes (Wilcock et al., 2006), which may in
turn reduce the extent of secondary muscle damage and subsequent contractile function
impairment (Cheung et al., 2003). Changes in skin temperature as a consequence of CWI
may also reduce the extent of inflammation (Cote et al.,, 1988). A reduction in skin
temperature stimulates cutaneous receptors to excite sympathetic adrenergic fibres (Cheung
et al., 2003). This causes the constriction of local arterioles and venules, which reduces the
permeability of cellular lymphatic and capillary vessels, thus restricts fluid diffusion into the
interstitial space. The cooling of tissue may also help to reduce the perception of pain by
decreasing the production of acetylcholine and superficial inhibitory cells that regulate the
impulse of pain perception to the central nervous system (Wilcock et al., 2006). Reductions
in inflammation may also reduce the sensation of pain by the stimulation of group III and IV
afferent fibres. It is proposed that these afferents have negative feedback on the a-
motorneuron via the inhibitory interneuron (presynaptic reflex inhibition; Bigland-Ritchie et
al., 1986); therefore reduced stimulation may enhance recovery of function during stretch-

shortening cycle type activities.

Reducing the extent of inflammation by means of CWI may have great importance for
enhancing athlete recovery and subsequent performance; however research suggests that the
inflammation process is necessary for adaptation to an exercise stressor (Arnold et al., 2007).
For example, following exercise induced muscle damage it appears that inflammatory cells
(including neutrophils) and growth factors play an important role in repair and adaptive

remodelling of tissue despite initiating events that elicit further muscle damage (Yamane et
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al., 2006). Research has shown that macrophages recruited by injured muscle of a
phagocytic, pro-inflammatory phenotype facilitate a specific response to an exercise
stimulus, removing necrotised parts of the injured myofibres (Jarvinen et al., 2005) prior to
converting to an anti-inflammatory phenotype, releasing growth factors (Amold et al., 2007)
and secreting pro-inflammatory cytokines, fibrinectin and proteoglycans which facilitate the
regeneration of myofibres (Jarvinen et al., 2005). Previous research also suggests that cell
volume (i.e. inflammation) may be an important signal for protein metabolism (Grant et al.,
2000; Millar et al., 1997). Therefore although CWI appears to be an important component of
athlete recovery in periods of competition, it has been questioned whether it should be
applied during periods of training which target physical development (Cook et al., in press;
Leeder et al., 2012a; Versey et al., 2013). Indeed, previous research suggests that the
application of post-exercise recovery strategies which restrict inflammation may actually
attenuate adaptations to training (Fischer et al., 2004; Frohlich et al., 2014; Gomez-Cabrera
et al., 2008; Nemet et al., 2009; Strobel et al., 2010; Yamane et al., 2006). In particular,
Yamane et al. (2006) found that CWI attenuated adaptation to strength and endurance
training in non-athletic individuals (Yamane et al., 2006). Strength training of the forearm
flexors was conducted using a weight-loaded handgrip ergometer (3x8RM) for four weeks
with one arm subjected to post-training CWI (20min, 10 + 1°C), while the other received no
immersion. Although no significant differences in maximal strength improvement were
observed between the two arms, increases in strength endurance at 30% 1RM (determined
prior to training) were significantly greater in the control arm compared to the arm which

was immersed in cold water (91 = 81 vs. 53 + 40%; Yamane et al., 2006).

Despite the findings of Yamane et al. (2006) and Frohlich et al. (2014), recent research
suggests that CWI may in fact enhance adaptation following an intensified training period in
trained athletes. Therefore further research is required to establish the effect CWI may have

on adaptation to strength training in trained athletes (Halson et al., 2014).

During pre-season we assessed whether CWI has an effect on adaptation to strength training
in professional rugby union players by separating the training squad into two groups so that
one group received CWI post-training while the other received no recovery strategy
intervention. In both the CWI and CON group, bench press (5.1 + 5.4%; 4.6 + 1.6%) and
chin-up (3.7 + 4.8%; 5.7 £ 3.8%) strength significantly increased following 5 weeks of
strength training during pre-season. A previous meta-analysis of 27 rugby union, rugby
league and American football training studies found that on average, two strength sessions

per muscle region (e.g. upper body) a week resulted in 0.9% increases in strength per week

159



(McMaster et al, 2013). Therefore the upper body strength gains observed were comparable

to the values expected according to previous literature (McMaster et al., 2013).

When no recovery intervention was administered, IMTP PF and Rel. PF significantly
increased during the pre-season phase by 5.4 + 4.7 and 5.8 + 5.4% respectively. However,
there were no significant changes in IMTP PF or Rel. PF following training in individuals
who were immersed in cold water post-training (-1.2 + 7.4 and -1.8 + 7.1%). The results
from the study may therefore demonstrate that CWI impedes adaptation to strength training
in rugby union players. This finding supports the research presented by Yamane et al. (2006)
who explain that by reducing the extent of muscle damage post exercise by administering
CWI post-exercise, the stimulation and proliferation of satellite cells are reduced which
interferes with the regenerative processes and “thus retard rather than support the desired
improvement of muscular performance” (Yamane et al., 2006). Research also shows that
superficial cooling may impair the anabolic and inflammatory responses post exercise
(Nemet et al., 2009). Nemet et al. (2009) had twelve elite junior handball players complete
an intervention involving 4x250m treadmill runs at 80% of each individuals maximum speed
followed by a rest period with and without (resting supine in a quiet room for 1h, 21°C) local
cold pack application to the hamstring muscle (applied using a compression wrap for 15min,
followed by a 15min interval and an additional 15min application). Significant differences
were found 1h post exercise with local cold pack application associated with significant
decreases in IL-1B (pro-inflammatory), IL-1ra (anti-inflammatory), IGF-I and IGFBP-3
(anabolic hormones) and a greater increase of IGFBP-1 (catabolic agent). Thus, the authors
concluded that the application of cold compression may attenuate the anabolic effects of
preceding training (Nemet et al., 2009), which over a period of training may explain the

findings of Frohlich et al. (2014), Yamane et al. (2006) and the present study.

In contrast to the findings of the present and previous research (Frohlich et al., 2014;
Yamane et al., 2006), recent research in trained athletes does not support the suggestion that
CWI attenuates adaptation to training (Halson et al., 2014). During a pre-competition
training period, male endurance-trained cyclists competing at national level were randomised
to a CWI group (n=10) or a control group (n=11) for 7 days of baseline training, 21 days
intensified training and an 11 day taper. Throughout the training period two weekly tests
were used to track changes in fatigue and performance. Test efforts were performed on a
commercially available air braked ergometer (Watt Bike, UK) which allowed measurement
of power and cadence throughout the efforts. The first test involved 2x4min maximal efforts
completed 42min apart (2xMMP,,,;,), while the second was a high intensity interval test

(HIIT). Cold water immersion was performed four times per week in the CWI group, in
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which subjects submerged their body (excluding head and neck) for 15min (15.3 + 0.3°C)
within 30min of the cessation of training or testing. Following the training period, both
groups improved in the 2xMMP,;, test however CWI (~9.3%) did so to a slightly greater
extent than the CON group (~6.5%). Furthermore, during the HIIT both groups increased
self-selected power output in the timed pursuits, however increases were bigger in the CWI
group for pursuit 1 (~2.4%) and pursuit 2 (~2.1%). Not only do these findings suggest CWI
does not impair training adaptation within trained athletes, but they suggest that CWI may
enhance adaptation when compared to a control group (Halson et al., 2014). However there
are a number of potential imitations to the study design. Firstly, CWI was only administered
4 times a week; therefore CWI was not administered after training on 13 out of 30 training
days. Furthermore, it should be noted that post-training performance was taken from days 4
and 5 of the taper rather than the end, as not all subjects were willing to perform maximal
efforts towards the end of the taper due to subsequent National cycling competition. With
training planned so that performance was optimised at the end of the taper, improvements in
physical preparation were unlikely to be realised after 4-5 days. Therefore post-training data

used in the study may not reflect training adaptation from the training period.

Similar to research by Halson et al. (2014), it is also possible that fatigue may have
influenced the results in the present study. Although non-significant, the CWI group
completed more lower body weights sessions than the CON group (9 + 1 vs. 8 = 1
respectively), therefore it is possible that residual fatigue from the training period may have
masked training adaptation. Furthermore, a limitation of the present study is that the volume
of load lifted, rugby/conditioning volume and extra conditioning session volume were not
reported, therefore it is possible that results may have been influenced by differences in
training volume. In retrospect, monitoring training loads and conducting a weekly marker of
function; as conducted by Halson et al. (2014) would have provided greater substance to
conclusions drawn from the present study. As the study was cross-sectional and not blinded,
it is also possible that individual perception of the presence or absence of CWI may
modulate recovery kinetics post-training and therefore may influence subsequent training
(Cook and Beaven, 2013). However, as Halson et al. (2014) explain, the study was aimed to
represent a real-world scenario, reflecting that athletes either do or do not engage in a form
of recovery following training. Consequently, a lack of placebo may confound the

elucidation of the mechanisms associated with the observed results (Halson et al., 2014).

Despite the findings of Halson et al. (2014) and the limitations discussed, the present study is
the first to suggest that CWI may impair adaptation to strength training in professional

athletes. Although it is unclear why differences in training effects between the two recovery
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groups were only observed in the IMTP, this may be explained by the fact CWI was only
implemented following lower body and not upper body strength sessions. Furthermore,
individuals were only immersed to the level of the anterior superior iliac spine; therefore
with consideration to the proposed mechanisms of CWI it is unclear whether immersions
would have had any effect on the recovery of upper body strength or training adaptation.
Nevertheless, the findings of the present study have great implications for strength training
in rugby union, particularly during periods when physical development is a key objective
such as pre-season. Opportunities for physical development are limited in northern
hemisphere rugby due to the duration of the competition phase, and with physical qualities
shown to have great influence on individual and team performance in rugby codes (Gabbett
et al., 2011; Gabbett and Seibold, 2013; Sedeaud et al., 2012), it is vital that periods of

training such as pre-season are utilised to improve physical qualities such as strength.
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7.5. Practical applications

For the first time we have demonstrated that CWI may impair the stimulus for adaptive
physiology following strength training in elite athletes. It is therefore recommended that
during periods of physical development that CWI and other post-exercise strategies which
seek to reduce inflammation and muscle damage are avoided in attempt to optimise

adaptation from training.

The results of this study therefore have great implications for the use of post-exercise
recovery strategies for athletes however it should be considered that CWI was the only
strategy investigated, which may vary in its mechanisms and efficacy in enhancing recovery
compared to other strategies. Research is therefore required to assess the effect of other
recovery strategies on adaptation to exercise. Furthermore, research is also required to

investigate whether CWI impairs adaptation to other modalities of exercise.
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8. The effect of competition on the sleep patterns of elite rugby union players
8.1. Introduction

Rugby union is a physically demanding sport which results in large disruptions to both
physiological and psychological (West et al., 2014) functions for several days following
competition. With the accumulation of subsequent training, insufficient recovery prior to the
start of the training week may compromise an individual’s ability to train, reducing quality
of training and the stimulus for adaptation and/or maintenance of physiological attributes.
Insufficient recovery may also predispose an individual to greater risk of injury (Lazarim et
al., 2009) and may compromise preparation for subsequent performances (McLean et al.,
2010). Furthermore, an extended exposure to the demands of training and match play with
insufficient recovery may lead to the development of overtraining syndrome (Kellmann,

2010).

Sleep is a basic requirement for human health and is recognised as an important component
of athlete recovery due to its physiological (Dattilo et al., 2011) and psychological (Meerlo
et al., 2008) restorative effects. For example, sleep is associated with an increase in anabolic
hormones such as growth hormone (GH), which play a significant role in skeletal muscle
growth and repair via an increase in protein synthesis and a reduction in protein breakdown
(Kraemer and Mazzetti, 2003). Furthermore, learning and memory consolidation are sleep-
dependent processes (Walker and Stickgold, 2004), thus sleep has an important role in
tactical and skill development and performance (Walker and Stickgold, 2004). However, the
importance of sleep is most evident when disrupted (i.e. total or partially deprived and/or
fragmented) with studies demonstrating the negative effects of sleep disruption on autonomic
nervous system (e.g. Spiegel et al., 1999), endocrine system (e.g. Spiegel et al., 1999),
biochemical (e.g. Spiegel et al., 1999), genetic (e.g. Moller-Levet et al., 2013), cognitive
(e.g. Belenky et al., 2003) and neuromuscular (e.g. HajSalem et al., 2013) functions and
mood states (e.g. Sinnerton and Reilly, 1992).

The importance of good sleep practice in elite athletes has been highlighted in literature;
with Halson (2008) suggesting sleep may be the single most efficacious recovery strategy.
Indeed, recent research suggests athletes perceive sleep to be the most important post-
exercise recovery modality when compared to other modalities including cold water
immersion, active recovery and massage (Venter, 2012). However, it has been suggested that
frequently disrupted and restricted sleep is a prevalent problem in modem society (Meerlo et
al., 2008) which may also be common within elite athletes (e.g. Leeder et al., 2012b).
Research demonstrates that several factors associated with training and competition (e.g.

training volume; Jurimae et al., 2004) may have negative consequences to athlete sleep.
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Furthermore, research has shown that subsequent (Lastella et al., 2012) and preceding
(Richmond et al., 2004) competition may disrupt sleep which would have great implications
for the preparation and recovery of rugby players. To date no research has been published
assessing sleep patterns of rugby union players with respect to match-play. Therefore, the
aim of the present study was to examine the sleep patterns of professional rugby union
players’, with data collected prior and post-match-play to assess the potential influence of

competition on sleep patterns.
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8.2. Methods

Four matches were identified for the study due to their similarities in location (all home
games), kick off times (6:30-7:30pm) and training schedules prior and post-match. Players
conducted a strength (~45min) and rugby (~75min) session two days prior to the match, and
a ‘captains run’ (~20min) session the day prior to the match. No training or recovery
sessions were prescribed during the observed post-match period. Players were approached to
volunteer for the study based on their selection for one of the matches. Consequently,
twenty-eight male rugby union players volunteered for the study (24.4 + 2.9yrs, 103.9 +
12.2kg). Prior to providing informed consent, participants were given information outlining
the rationale, potential applications of the study and procedures (Appendix B). Ethical
approval was given by the Swansea University Ethics Committee (Appendix A). During the
sleep period, activity outside of prescribed training was not restricted however players were

asked to refrain from alcohol.

Players were monitored continuously (with the exception of any exercise involving physical
contact) using an Actiwatch® worn on the non-dominant hand (Actiwatch 2; Phillips
Respironics, UK) from two days prior to the match until 3 days post-match to observe sleep
behaviour and whether it was altered with respect to competition. Actigraphy is a non-
intrusive, cost-effective tool used to estimate sleep quantity and quality with a recent review
suggesting it has reasonable validity and reliability in assessing sleep-wake patterns in
normal individuals with average or good sleep quality (Sadeh, 2011). Actigraphy has also
been shown to have increased sensitivity to awakenings when compared to self-reported
sleep measures, which underestimated both duration and total number of nocturnal

awakenings in comparison to measures derived from actigraphy (Kushida et al., 2001).

Each night players were requested to hold the marker button on the Actiwatch® for 3s when
going to bed (‘lights off’) and immediately upon waking. This allowed manufacturers’
software (Respironics Actiware 5; Phillips Respironics, UK) to calculate sleep behaviour
based on manually determined time in bed, and time asleep; automatically detected from
1min epoch periods. Sleep behaviour was analysed for the following range of variables; time
in bed, sleep latency (time to fall asleep from ‘time to bed’), time asleep, time awake,
percentage of time sleeping while in bed (sleep efficiency), actual sleep percentage,
percentage of time moving and sleep restlessness (fragmentation index), as previously

described in Table 3.4 (Leeder et al., 2012b).

To determine ‘sleep quality’ by actigraphy, measures of sleep efficiency and fragmentation
index were used (Leeder et al., 2012b). All variables are presented as mean + SD. To assess

changes in sleep patterns, sleep variables from each night were compared to two nights prior
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to the match (reference night sleep) using a repeated measures analysis of variance
(ANOVA). Significant differences were located by a Bonferroni corrected pair-wise
comparisons. The criterion level for significance was set at p<0.05. Statistical analysis was
performed using the Statistical Package for the Social Sciences (SPSS for Windows, version

14.0; SPSS, Inc., Chicago, IL, USA).
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8... Results

M:asures of sleep data for professional rugby players’ prior and post competitive match-play

ar¢ presented in Table 8.1.

Analysis of variances show significant time-dependent differences for time to bed
(F=26.425, 1°=0.495, p<0.001), get up time (F=21.175, 1°=0.440, p<0.001), time spent in
bel (F=10.669, 1’=0.283, p<0.001), time asleep (F=8.752, ’=0.245, p<0.001), and
pecentage of time moving (F=4.602, 1°=0.146, p<0.05).

Post-hoc tests revealed significant differences from the reference night sleep were largely
du to changes in pre and post-match sleep behaviour. For example, compared to the
reBrence night sleep, time in bed increased the night before the match (p<0.01; 95 %
CI=0:10-1:28h; 9.7 + 13.5%), but returned to similar durations to the reference night post-
mach (p>0.05; -9.7 + 19.8%). Furthermore, time asleep decreased post-match (p<0.05; 95 %
ClI=-0:03--1:5%h; -19.5 + 19.8 %) compared to two nights pre-match, but returned to similar

duations to the reference night the following evening (p>0.05; -3.4 + 17.3%).

Despite results suggesting a tendency for sleep efficiency to reduce post-match compared to
two nights pre-match, no significant changes in measures of sleep quality were observed
(p>0.05, Table 8.1). Furthermore, no significant changes in sleep latency, time awake, actual
sleep percentage or percentage of time moving were observed on any night compared to the

reference night sleep (Table 8.1).

169



“UTULY Ul SAINSBOW oW [V

*50°0>d 1+yorew-a1d woy 95U Ip JueoyIuIIs, ‘(S F ULSW S PJussald

‘LTSI 6’11 998 STOFYTO »£LS0FOI:8  «LEOFTOL LEOFSVTT  T+Ydew-)sod
ERER 1! v'8FL98 0¢€:0 ¥ 6T:0 O1:1 F6¢'8 BT F0L'8  «LTTFOMET  [+ydsrew-isoq
CFLIC eI F0L8 *LT1 FT0:9 ve0 ¥ 8¢:0 8¥:1 F9S:L *ITF96:8 11T F61:0 Jaew-150d
S¥I6l I'ITFL€8 ST:0F8T0 »ITTF8E6  #8S0F 818 S0 FTOET ydrew-ald
9F 981 L8FV'S8 0v:0 F p£:0 6v:0 ¥ 68 [€:0 F 0P:L 0 F EVTC [+{oreut-ald
%) (%) ayeme oun ], Kousyey deajg  paq ur swin], sun dn 300 paqojaury  doays Jo SIN
) Sutaopy dogys [emioy  uopejuswiBery Aousroige desys : 14991 s : : 1830343}

‘(87=u) yorew-isod pue roud s1akeid uorun £q3ni [euoissajoid jo ejep Aydeidnoe dos|g '1°g 9jqeL



8.4. Discussion

The aim of this study was to examine the sleep patterns of professional rugby union players’,
and to assess the potential influence of competition on these patterns. The main finding of
the study was that significant differences in several variables were observed pre and post
competition when compared to a reference night sleep. Notably, the study demonstrates that
players spent significantly less time asleep post-match which may have detrimental
consequences for post-match recovery. However, as demonstrated by large standard
deviation values, our results also suggest that large inter-individual differences in sleep

patterns may exist within a squad.

Prior to the match, our results show that players spent on average 49 + 68min longer in bed
compared to the previous night (p<0.05), which is similar to the findings of Richmond et al.
(2004) who reported an increase in sleep duration the night before an Australian rules
football match compared to the average of five night’s non-match related sleep. The reason
for increased sleep the night before a match was proposed to reflect a belief that a good
night’s sleep will maximise match performance the next day (Richmond et al., 2004).
Indeed, research has demonstrated that an extended period of sleep extension (5-7 weeks;
minimum 10h) improves physical and cognitive performance, as well as well-being (Mah et
al., 2011). However research also shows that short term sleep extension (3 days) does not
return physiological (Pejovic et al., 2013) or cognitive (Belenky et al., 2003) performance
levels to pre-sleep deprived levels following a period of restriction. However with recent
research showing a relationship between individual perception of recovery and subsequent
performance (Cook and Beaven, 2013), increasing pre-match sleep duration may be an

important component of individual’s preparation.

Similar to previous research by Richmond et al. (2004), the present study found a significant
reduction in time spent asleep post-match compared to the reference night (Table 8.1). Acute
or chronic sleep disruption may alter several physiological (e.g. autonomic nervous system;
Spiegel et al.,, 1999) and cognitive functions (e.g. Belenky et al., 2003) which may be
detrimental for recovery and preparation for exercise. Considering players have been shown
to take up to 60h to recover post-match in rugby union (West et al., 2014), sleep deprivation
post-match may therefore exacerbate physiological and psychological recovery times.
Disrupted sleep post-match may be related to several factors related to match-play. For
example, increases in pro-inflammatory cytokines from match-play (Cunniffe et al., 2010)
may directly affect sleep regulation, or indirectly, by their action on Hypothalamic-pituitary-
axis activation to increase body temperature, increase cortisol secretion, decrease the amount

of nREM sleep and increase wakefulness (Vgontzas et al., 2002). Furthermore, sleep patterns
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pot-match may be affected by disruptions in mood and other psychological factors (e.g.
waried about consequences of performance). For example, Lastella et al. (2012) previously
denonstrated significant negative correlations between tension, sleep quality and the number
ofawakenings in marathon runners pre-competition. In addition to the large physical and
pschological demands associated with competition, athletes may also have disrupted sleep
dw to other factors associated with performance. For example, high-doses of caffeine (e.g.
~1200mg; Youngstedt et al., 1997); which were not controlled for in the present study, have
bem demonstrated to impair sleep quality post-exercise (Youngstedt et al.,, 1997).
Caisideration should also be given to the time of kick-off (Youngstedt et al., 1997), the
eftcts of travel (Richmond et al., 2004), and alcohol consumption during the post-match
peiod (Feige et al., 2006) which was controlled for in the present study.

Reearch in non-athletic populations has also reported correlations between inter-night
vaiability in actigraphy measures and measures of psychological and physiological stress
(Mezick et al., 2009). However converse to the effect stress may have on sleep, it may be
suggested from the findings by Mezick et al. (2009) that increases in inter-individual sleep
paterns may increase markers of physiological and psychological stress. Consequently, with
corsideration to the effects competition may have on sleep patterns, it may be suggested that
efforts to establish consistency in time to bed and get up time should be encouraged for
rughy union players. This may have implications for training and travel scheduling, and also
chdlenges the belief that increasing the time in bed before match-play enhances performance
(Rrhmond et al., 2004). However before recommendations are made on consistency of sleep
paterns, future research is required to investigate the effect of a single night sleep extension
on performance following sleep disruption or normal sleep, and the effect inter-night

varability has on physiological and psychological stress in elite athletes.

Sletp patterns observed two days prior to match-play were similar to those reported by
Leeder et al. (2012b) who assessed the average of 4 non-competitive night’s sleep from 46
athktes. Leeder et al. (2012b) found that despite quantity of sleep being comparable between
the athlete and non-sporting control group, significant differences between groups for
variables including sleep latency, sleep efficiency and fragmentation index suggest quality of
sleep was inferior for athletes. However Leeder et al. (2012b) found considerably larger
variance for each sleep variable compared with the control group, suggesting there was
considerable individual variation. Furthermore, when assessing individuals on a case by case
basis, the authors report that many individuals had comparable sleep to the control group.
However, only certain individuals displayed signs of sleep disruption. Standard deviation
values from rugby players within this study were on average greater than those reported by

Leeder et al. (2012b), with values suggesting greater inter-individual variation post-match
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than on other nights for several variables. Thus although from the results it may be suggested
that rugby players have inferior quality of sleep compared to non-sporting controls (Leeder
et al.,, 2012b), sleep quality may vary considerably between individuals; particularly on
match-day.
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8.5. Practical applications

The results of the study demonstrate that sleep is deprived post-match which may have
detrimental effects to the recovery process. Sport scientists and coaches should therefore
attempt to address individual’s post-match sleep in attempt to enhance recovery and
preparations for subsequent training and/or performance. Certain supplements may be used
to enhance sleep (e.g. cherry juice, Howatson et al., 2012) however recent research
demonstrates that simply recommending changes to sleep preparation and environment (e.g.
limiting use of television, mobiles phones and computers within 30mins of retiring to bed,
Duffield et al., 2013) may be effective in enhancing time asleep and subsequent ratings of
perceived soreness and fatigue the morning following exercise, when used in conjunction
with other recovery modalities (e.g. cold water immersion and compression garments,
Duffield et al., 2013). Following this study it would be pertinent to investigate the impact
certain strategies may have on sleep patterns in rugby union players, however this progresses

outside the main aim of the thesis and consequently requires further investigation.

Large standard deviation values observed for all variables pre and post-match suggest sleep
quality, quantity and patterns may vary considerably between individuals. Individuals should
therefore be assessed on a case-by-case basis with consideration to physiological and
psychological monitoring/screening data. Consideration should also be given to
administering subjective sleep questionnaires to athletes (e.g. Pittsburgh Sleep Quality
Index; Buysse et al., 1989), as this may enhance understanding of individual sleep patterns
from actigraphy (e.g. caffeine intake), or highlight issues which may not otherwise be
detected (e.g. sleep inertia; Tassi and Muzet, 2000). Furthermore it is acknowledged that
certain factors may have influenced sleep patterns which were not recorded or reported
during the study. For example, napping, or factors associated with the ‘sleep environment’

such as alarm clocks or light may have influenced sleep quality and quantity.

With study two demonstrating that movement patterns may partly determine the extent of
muscle damage post-match, future research is also required to investigate whether sleep
patterns are to some extent determined by variances in movement patterns from

performance.
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9. Discussion

Findings from studies one and two demonstrate that individual performance characteristics
and the characteristics which determine the extent of muscle damage post-match are position
specific. Previous research demonstrates that players make take several days to fully recover
following competition in rugby union (West et al., 2014); however recovery patterns have
been observed to vary greatly within a team (West et al., 2014). Therefore the findings in
studies one and two may enhance understanding of individual performance demands and
recovery patterns, which may have great implications for the physical preparation and

management of players in rugby union.

The aim of study one was to assess the movement patterns of players during performance
under the premise that a greater understanding of movement characteristics, together with the
anthropometric and physiological characteristics of players, will lead to a greater
understanding of the physiological demands of the sport. Sampling at a frequency of 10Hz,
study one is the first assessment of the movement patterns in rugby union using GPS units
which are valid and reliable for detecting high acceleration/deceleration and high-speed
movements associated with rugby union (Castellano et al., 2011; Johnston et al., 2014b;
Varley et al., 2011). Similar to previous research (Cahill et al., 2013; Quarrie et al., 2013;
Roberts et al., 2008) the findings of study one demonstrate that movement patterns and thus
physiological demands of match-play vary considerably between different positional groups.
For example, the study found outside backs covered a greater distance (~6272 vs. ~5244m),
at a greater meterage (~68.8 vs. ~60.8m.min™"), performed a greater number of sprints (~20
vs. ~10) and reached a greater maximum velocity (~7.8 vs. 6.9m.s™) than loose forwards
(p<0.05). However, loose forwards performed a significantly greater number of contacts
(~38) compared to half, inside and outside backs (~19, ~21, ~16). Furthermore on average
loose forwards performed the greatest amount of repeated high intensity effort (RHIE) bouts
(~13) which was significantly greater than half backs (~5) and outside backs (~6).

Although the total accumulated time players engage in high-intensity exercise during a
match can be relatively brief and the distance sprinted by players short, it has been proposed
that the ability of players to perform RHIE may be critical to the outcome of the performance
(Roberts et al., 2008; Austin et al., 2011a). Study one provides a detail analysis of positional
RHIE demands. Using this data it has been suggested that by using maximum periods of
activity coupled with minimum periods of recovery; the most demanding passages of play
may be replicated providing coaches with a sense of their players’ preparedness to meet the
requirements of competition (Austin et al., 2011a). Furthermore, it is proposed that coaches

should use minimum, mean, maximum and standard deviation values reported in the study as
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a refeence to modulate RHIE protocols which may allow progressions in intensity during
trainiig and rehabilitation. Varying the high intensity activity periods may allow coaches to
workon and integrate various high intensity activities patterns. Therefore activity periods
may le shorter or may consist of multiple activities. Consideration should also be given to
the duwation and activity performed during ‘recovery’ between RHIE bouts. Using average

and sandard deviation values, recovery times may be adjusted to increase intensity of effort.

In adlition to the full match analysis, a temporal analysis of movement patterns was
invesigated using data files from players who completed a full game. Matches were
separtded into 10min periods with time played >40mins in each half excluded. Temporal
analyis of all players displayed significant differences in player load.min™, cruising.min
and stiding.min” between halves, with measures of low and high intensity movement and
acceleation/deceleration significantly declining throughout each half. Despite high-speed
metenige exhibiting the greatest percentage reduction from 0-10mins between 30-40mins,
the gratest reductions in movement in the second half compared to the first 10mins were
foundin low speed movements such as cruising and striding supporting previous research in
rugby union (Roberts et al.. 2008). Research by Roberts et al. (2008) and Mooney et al.
(2013 suggest that reductions in movement patterns throughout match-play in rugby codes
may ke caused by a reduction in low intensity activities, which may be characterised by an
inabiliy to maintain defensive position or run supporting lines in attack. Furthermore,
reductons in low speed compared to high speed movements may be evidence of ‘pacing’
wheredy players sacrifice distances covered at low speeds to compensate for the demands of
high syeed movement (Mooney et al., 2013). Knowledge of variances in movement patterns
may frther inform practitioners with the demands likely to be encountered during
compdition. Furthermore, understanding expected typical and individual decrements in
perfornance (e.g. m.min”', load.min”) during 10min periods using GPS may allow sport
scientsts to detect fatigue from which tactical decisions may be made. Indeed with
consideration to previous research in rugby union, monitoring of work at lower intensities
(e.g. quising) may be most sensitive to detect fatigue (Roberts et al., 2008). However,
despite the potential applications of real-time monitoring, consideration should be given to

the possible errors associated with real-time data collection (Aughey and Falloon, 2010).

Following study one, it is understood that movement characteristics may vary greatly within
a team which may partly explain why recovery patterns also vary between players (West et
al., 2074). Indeed, previous research suggests that performance characteristics could be used
to prospectively predict individual recovery in rugby union (Cunniffe et al., 2010, Takarada,
2003) and other team sports (McLellan et al., 2011a; McLellan et al., 2012, Thorpe and
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Sunderland, 2012). Physical contacts have been correlated to creatine kinase (CK; an indirect
blood marker of muscle damage) level in rugby union (Cunniffe et al., 2010, Smart et al.,
2008, Takarada, 2003) and neuromuscular recovery in rugby league (McLellan et al., 2012),
suggesting recovery may be determined by the extent of mechanical damage induced
through contact during performance in rugby codes. However no research had been
conducted to assess the correlation between high-speed running and markers of recovery in

rugby union.

Performed during the group stages of the 2012-2013 European Cup, study two assessed the
correlation between changes in CK from 2hrs pre-game to 16 and 40hrs post-match, with
performance characteristics associated with high-speed movement and physical contacts
derived by use of GPS and notational analysis. In accordance with previous research
(Cunniffe et al., 2009), match-play resulted in large increases in CK, with peak increases
observed at 16hrs post-match (~417%), and values remaining significantly elevated from
pre-game values at 40hrs post-match (~267%). Furthermore, as found by West et al. (2014),
results from the study suggest a highly individual nature of recovery; with a large range in

change in CK from pre-match (ACK) at 40h post-match (30 to 1849 IU.L™M.

Similar to previous research the study demonstrates that muscle damage induced by
professional rugby union match play is to some extent predicted by the number of physical
contacts induced during performance (Cunniffe et al., 2010, Smart et al., 2008, Takarada,
2003). For example, moderate-large effect-size correlations were identified between contact
statistics from performance analysis and changes in CK at 16 and 40hrs post-match in
forwards and backs. These findings may be explained by the blunt force trauma from
physical contacts which disrupt skeletal tissue structure integrity; subsequently increasing
cell permeability and the diffusion of soluble enzymes such as CK into the interstitial fluid
(Cheung et al., 2003). Furthermore, this study is first to show that muscle damage in backs
players is predicted by high-speed running measures derived from GPS. For example,
moderate effect-size correlations were found between measures of high-speed running and
sprinting, and change in CK at 16 and 40hrs post-match within the backs. These correlations
may be explained by high-force, eccentric work when performing SSC activities such as
high-speed running, which may exceed the muscles ability to actively resist load, forcing the
muscle to lengthen and generate greater active tension (Stauber, 2004). Although correlation
is by no means causation, a potential explanation for the relationships between high-speed
movement and changes in CK only being observed in backs is likely due to their greater

high-speed running demands when compared to the forwards as observed in study one.
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Nevertheless, the findings of study two support previous suggestions that performance

characteristics may be used to manage player recovery and subsequent training post-match.

Recovery kinetics post-match may be modulated by the application of post-exercise recovery
strategies such as cold water immersion (CWI), which has been demonstrated to enhance
recovery of physical function and reduce the extent of muscle soreness post-exercise (Leeder
et al.,, 2012a). In addition to teams using post-exercise recovery strategies to speed up
recovery from matches, they may also be used post-training during periods of physical
development such as pre-season in attempt to optimise training adaptation; by potentially
allowing greater training loads (increased frequency, intensity or duration) to be performed
in subsequent sessions, thus increasing the stimulus for adaptation (Versey et al., 2013).
However, despite enhancing physiological recovery, the use of strategies such as CWI to
enhance adaptation may be counterintuitive. For example, it has been suggested that muscle
damage and the subsequent inflammatory response is a vital precursor for the signalling
mechanisms which initiate the repair and growth of cells (Carlson and Faulkner, 1983),
therefore incorporating strategies which attempt to blunt the effects of exercise induced
muscle damage may in fact reduce the potential for training adaptation to occur. Indeed
research has demonstrated that several strategies which aim to reduce the extent of the
inflammatory process; CWI (Frohlich et al., 2014; Yamane et al., 2006), local cold pack
application (Nemet et al., 2009) and antioxidant supplementation (Fischer et al., 2004;
Gomez-Cabrera et al, 2008; Strobel et al., 2010), may inhibit the stimulus for adaptive

physiology.

During a 5 week pre-season training period the effect of CWI on adaptation to strength
training was assessed by separating the training squad into two groups so that one group
received CWI post-training while the other received no recovery strategy intervention. When
no recovery intervention was administered, isometric mid-thigh pull (IMTP) peak force (PF)
and relative peak force (Rel. PF) significantly increased during the pre-season phase by 5.4 +
4.7 and 5.8 + 5.4% respectively. However, there were no significant changes in IMTP PF or
Rel. PF following training when individuals were immersed in cold water post-training (-1.2
+ 7.4 and -1.8 = 7.1%). The results from the study may therefore demonstrate that CWI
impedes adaptation to strength training in rugby union players. This finding supports the
research presented by Yamane et al. (2006) who explain that by reducing the extent of
muscle damage post exercise by administering CWI post-exercise, the stimulation and
proliferation of satellite cells are reduced which interferes with the regenerative processes
and “thus retard rather than support the desired improvement of muscular performance”

(Yamane et al., 2006).
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In contrast to the findings of the present and previous research (Yamane et al., 2006;
Frohlich et al., 2014), recent research in trained athletes does not support the suggestion that
CWI attenuates adaptation to training (Halson et al., 2014). It is unclear why the findings of
study three contrasts with those from Halson et al. (2014), nevertheless the present study is
the first to suggest that assess the effect of CWI may impair on adaptation using to strength
training in professional athletes. The findings of study three therefore have great implications

for strength training, particularly during periods of physical development.

Understanding how performance characteristics may affect recovery kinetics has great
implications for player management post-match. However recovery kinetics may also be
influenced post-match by factors not associated with match-play. For example, sleep is
suggested to be an important modulator of recovery due to its physiological (Datillo et al.,
2011) and psychological (Meerlo et al., 2008) restorative effects. However, recent research
suggests that frequently disrupted and restricted sleep may be common among elite athletes
(Leeder et al., 2012b), which may have detrimental effects to athlete recovery and
preparation. Study four therefore examined the sleep behaviour of professional rugby union
players’, with data collected prior and post-match-play to assess the potential influence of

competition on sleep patterns.

Using actigrapy, sleep behaviour pre and post-match was compared against a reference night
sleep (non-competition; 2 nights prior to match) which suggested alterations to pre and post-
match sleep behaviour. Prior to the match, results show that players spent ~49mins longer in
bed compared to the previous night, which is similar to the findings of Richmond et al.
(2004) who reported an increase in sleep duration the night before an Australian rules
football match compared to the average of five night’s non-match related sleep. The reason
for increased sleep the night before a match was proposed to reflect a belief that a good
night’s sleep will maximise match performance the next day (Richmond et al., 2004).
Indeed, research has demonstrated that an extended period of sleep extension (5-7 weeks;
minimum 10hrs) improves physical and cognitive performance, as well as well-being (2011).
However research also shows that short term sleep extension (3 days) does not return
physiological (Pejovic et al., 2013) or cognitive (Belenky et al., 2003) performance levels to
pre-sleep deprived levels following a period of restriction. Nevertheless, with recent research
showing a relationship between individual perception of recovery and subsequent
performance (Cook and Beaven, 2014), increasing pre-match sleep duration may be an
important component of individual’s preparation. Following match-play, the study also
demonstrates that players spent significantly less time asleep compared to the reference night

sleep (<~62mins; 6:02hrs), which may be detrimental to recovery as acute sleep disruption
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may alter several physiological (e.g. autonomic nervous system; Spiegel et al., 1999) and
cogitive functions (e.g. Belenky et al., 2003). Considering players have been shown to take
up b 60hrs to recover post-match in rugby union (West et al., 2014), sleep deprivation post-

math may therefore exacerbate physiological and psychological recovery times.

Slep patterns observed two days prior to match-play were similar to those reported by
Leeler et al. (2012b) who assessed the average of 4 non-competitive night’s sleep from 46
athltes compared to 20 non-sporting controls. Leeder et al. (2012b) found that despite
quattity of sleep being comparable between the athlete and non-sporting control group,
signficant differences between groups for variables including sleep latency, sleep efficiency
andfragmentation index suggest quality of sleep was inferior for athletes. However Leeder
et al (2012b) found considerably larger variance for each sleep variable compared with the
contol group, suggesting there was considerable individual variation. Furthermore, when
assesing individuals on a case by case basis, the authors report that many individuals had
comvarable sleep to the control group. However, only certain individuals displayed signs of
sleej disruption. Standard deviation values from rugby players within this study were on
avenge greater than those reported by Leeder et al. (2012b), with values suggesting greater
interindividual variation post-match than on other nights for several variables. Thus
althawgh from the results it may be suggested that rugby players have inferior quality of
slee; compared to non-sporting controls (Leeder et al., 2012b), sleep quality may vary

consderably between individuals; particularly on match-day.

9.1. Practical applications

« The data presented from study one may enhance knowledge of the positional
requirements of performance. This in turn may help monitor performance and
inform the planning of position specific programmes that elicit physiological

adaptations.

¢ Monitoring of temporal patterns, in particular low speed movements and player load
may allow coaches and sport scientist to assess preparedness for performance and
fatigue during match-play. Knowledge of transient fatigue may also have important
implications for tactical decisions made during match-play and the use of match-day

strategies to enhance performance.

e Similar to previous research, study two demonstrates that muscle damage following

match-play is to some extent predicted by the number of physical contacts induced
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during performance for all players. Furthermore, it is the first to demonstrate that
muscle damage is also determined by factors related to high-speed running and

sprinting for backs.

e As an alternative to assessing individual recovery following each match, study two
suggests performance markers may be used to tailor individual recovery strategies

and subsequent training.

e CWI may impair the stimulus for adaptive physiology following strength training in

elite athletes.

¢ During periods of physical development it is suggested that CWI and other post-
exercise strategies which seek to reduce inflammation and muscle damage are

avoided in attempt to optimise adaptation from training.

e Study four suggests that sleep disruption is evident with rugby union players,
particularly post-match, which may have detrimental effects to recovery and

preparation for training/competition.

¢ Individual assessment should be conducted within a squad to identify those who may
display evidence of sleep disruption, with consideration given to physiological and

psychological monitoring data.

e Study four demonstrates actigraphy is a non-invasive, practical means of assessing

sleep patterns in professional team sport athletes.

9.2. Recommendations for future research

e Despite exhibiting significant positional group differences in movement
characteristics, further research is required to investigate the differences between
individual positions. For example, open-side flankers were suggested to cover
comparable high-speed distances to inside and outside backs, and cover greater
distances than other loose forwards however due to sample sizes individual positions
were not statistically analysed. Further research with greater sample sizes will
therefore give a greater indication of specific positional movement patterns which

will provide even greater understanding of physiological demands for performance.
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Temporal analysis of match-play demonstrated transient fatigue throughout each half
however further research is required to investigate whether changes in movement
patterns throughout each half vary between positions. Furthermore, research to
investigate the effect of physical preparedness and fatigue on work rate and transient
fatigue would provide a greater understanding of the effect of fatigue on

performance.

Studies comparing the effect of the opposition, possession, territory, success and
playing standard on movement characteristics in rugby league (Gabbett, 2013a;
Gabbett, 2013b; Gabbett 2013c; Gabbett et al., 2013) and Australian rules (Aughey
et al., 2011b; Sullivan et al., 2014) have demonstrated trends which may be applied
to further understand movement characteristics (Kempton et al., 2013a). For
example, research has shown physical demands determined by GPS vary according
to team playing standard (Gabbett, 2013a), the opposition (Gabbett, 2013b) and team
success (Gabbett, 2013c) in rugby league. Research is therefore warranted to
understand how movement characteristics may vary during match-play in rugby
union. Furthermore, research is warranted to understand the influence of playing

environment (e.g. conditions) on movement characteristics.

Further research is also required using greater sample sizes to determine whether
performance characteristics which relate to increases in muscle damage vary within
positional groups. For example, moderate effect size correlations were found
between muscle damage and high-speed running volume in back players however
study one demonstrates that inside and outside backs cover significantly greater
distances at high-speed than half backs. Furthermore, no correlations were found
between high-speed running and muscle damage in forwards however open-side
flankers cover much greater distances at high-speed than other forwards. Therefore
despite the findings of the present study, further research may provide an even
greater understanding of the movements and mechanisms of muscle damage relative

to playing position which may enhance player management.

Despite study two observing correlations between movement characteristics and
muscle damage, it would be important to examine the correlation between
performance characteristics and recovery of function as previous research suggests
that there is a potential for neuromuscular function reduction to remain, despite

normalised CK (West et al., 2014), and steroid hormone profiles (West et al., 2014).
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Although contact statistics may give an indication of the extent of muscle damage
experienced by players, it does not account for the extent of contact or exertion.
Therefore despite advances in GPS technology further research is required to

quantify the extent of physical contact.

With recent research suggesting physiological recovery may be modulated by the
psychological response to intervention, further research investigating the effect of
strategies on adaptation is required with consideration to individual perception of the

strategies used.

The results of study three have great implications for the use of post-exercise
recovery strategies for athletes however it should be considered that CWI was the
only strategy investigated, which may vary in its mechanisms and efficacy in
enhancing recovery compared to other strategies. Research is therefore required to
assess the effect of other recovery strategies on adaptation to exercise. Furthermore,
research is also required to investigate whether CWI impairs adaptation to other

modalities of exercise.

Research demonstrates sleep may be disrupted post-match however further research
is required to assess the factors which may contribute towards this, including
performance demands. Furthermore, it is inferred from previous research that
disrupted sleep may impair post-match recovery; however to what extent this may be

has not been researched.
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SPORT AND EXERCISE SCIENCE
COLLEGE OF ENGINEERING, SWANSEA UNIVERSITY
ETHICAL ADVISORY COMMITTEE

APPPLICATION FOR ETHICAL COMMITTEE APPROVAL OF A RESEARCH PROJECT

In accordaince with Departmental Safety Policy, all research undertaken in the department must be approved by the
Departmemtal Ethics Advisory Committee prior to data collection. Applications for approval should be typewritten
on this forrm using the template available in the Public Folders. The researcher(s) should complete the form in
consultation with the project supervisor. Where appropriate, the application must include the following appendices:
(A) subjecct information sheet;

(B) subjecct consent form;

(C) subjecct health questionnaire.

After connpleting sections 1-12 of the form, 1 copy of the form should be handed-in to the Department
Administirator who will then submit copies of the application for consideration by the Departmental Ethics
Advisory Committee. The applicant(s) will be informed of the decision of the Committee in due course.

1. DRAF'T TITLE OF PROJECT

Characterisation of Recovery from Professional Rugby Union

2. NAMES AND STATUS OF RESEARCH TEAM

Rhys Jones (PhD Student)

Dr. Liam Kilduff (Supervisor, Swansea University)

Mr. Nick Owen (Supervisor, Swansea University)

Dr. Blair Clrewther (Supervisor/Researcher Visitor, Swansea University)
Dr. David Shearer (University of Glamorgan)

Brad Harrimgton (Head of Strength & Conditioning, Scarlets Rugby)

3. RATIONALE

As a conseqquence of the demands of training and competition, rugby players are likely to experience high levels
of physiological and psychological stress which may result in fatigue. Previous research (Shearer et al., under
review) suggests that professional players may have not fully recovered three days following competition
therefore ciompromising the extent to which a player can train, and with the added stress of training may
compromisie preparation for a following game. The recovery process following competition and training may be
affected by’ multiple factors however functional recovery is strongly correlated to the extent of muscle damage
induced through exercise and the subsequent inflammatory response (Avela et al., 1999; Horita et al., 2000;

Highton et :al., 2009).

Several strategies have been proposed to reduce exercise induced muscle damage (e.g. cold water immersion,
contrast water therapy, compression garments) and thus enhance the rate of recovery; however, despite their
prevalence equivocal evidence exists to support their application with variations in testing methodologies
making comparison between studies and determination of strategy efficacy difficult.

Muscle dammage induced via mechanical insult and through increased oxidative stress in rugby union have
produced levels of muscle damage which far exceed those reported in laboratory studies (Gill et al., 2006),
therefore to assess whether recovery strategies may enhance recovery in rugby union it may be most appropriate
to use competition as a means of muscle damage. However, to use competition as a model of assessing the
efficacy of various methods, performance characteristics, muscle damage and the recovery process need to

follow the same pattern at each game.

4. REFERENCES

Avela, J., Kyrolainen, H., Komi, P., Rama, D. (1999). Reduced reflex sensitivity persists several days after long
lasting stretch shortening cycle exercise. Journal of Applied Physiology, 86: 1292-1300.
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(T) and! the T/C ratio during a rugby match and during the post-competition recovery days. European Journal of
Appliedl Physiology, 90: 23-28.

Gill, N.., Beaven, C., Cook, C. (2006). Effectiveness of post-match recovery strategies in rugby players. British
Journal of Sports Medicine. 40: 260-263. 2006

Hightom, J., Twist, C., Eston, R. (2009). The effects of exercise-induced muscle damage on agility and sprint
running performance. Journal of Exercise Science and Fitness, 7: 24-30.

Horita, T. (2000). Stiffness regulation during stretch-shortening cycle exercise. Thesis (PhD). University of
Jyvaskyla.

Shearer, D. (in review). Monitoring training and competition fatigue in elite athletes: a neuromuscular and
endocrine validation of the brief assessment of mood (BAM). Journal of Sports Sciences.

Taylor, K-L., Barker, M., Cronin, J., Gill, N., Chapman, D., Sheppard, J. (2009). The effect of an extended
warm-up on diurnal performance differences in loaded counter-movement jumps. Panel presented at the NSCA
32™ National Conference & Exhibition, Las Vegas, NV. Abstract retrieved from http://www.nsca-
lift.org/ Abstracts/Abstracts.pdf

5. AIMS and OBJECTIVES

The study aims to characterise the recovery process following three professional rugby union matches by
assessimg the recovery of markers of muscle damage (CK, CRP), hormone status (Testosterone and Cortisol),
self-perceived recovery (modified profile of mood states), heart rate variability and functional recovery
(countermovement and drop jumps) compared to pre-game values. In addition to monitoring the recovery of
several physiological markers, match performance will be analysed using notational analysis and Global
Positioning Systems (GPS) to determine the variations in performance characteristics.

In addition to characterising the recovery process and determining whether competition may be used as a means
for assesssing the efficacy of recovery strategies, the findings may give an indication to which markers are most
sensitive to fatigue following competition which may improve monitoring procedures/future protocols. We will
also assess the correlations between several variables which may provide a greater understanding of the
recovery process.

6. METHODOLOGY
6.1. Study Design

Subjects are to be assigned from a male senior professional regional rugby union club (n=23, aged 19-34) who
compete at European club level and contain several international players.

The study is to be performed during the 2011-2012 season around three competitive games. Tests performed
will be part of the clubs monitoring procedures and will be conducted by club and university staff. Players will
be required to report to training at the clubs training facility at their specified times and will the testing
procedures should last no longer than 30 minutes. Players will be required to exert maximal effort on functional
tests and are required to conform to pre-testing conditions stipulated.

6.2. Experimental Procedures

Other than match-days, testing procedures shall remain standard for all studies. Players will be given time
allocations to arrive for testing at the clubs training facility which will remain the same for each testing day to
minimize endocrine and neuromuscular fluctuations through intra-day variance (Elloumi et al., 2003; Taylor et
al., 2009). Players will only be allowed to train at scheduled sessions and will not be allowed to perform any
activity on the day prior to pre-competition testing. Players also restricted from drinking alcohol throughout the
study period.

On non-match days, players will be required to attend in groups of 8. Bodyweight monitoring (Seca 770 Digital
Scales, Seca Ltd., Birmingham, UK) and hydration analysis (Osmocheck Refractometer, Vitech Scientific, UK;
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- on non-match days only) will be performed prior to further testing.

Players will first be provided with heart rate monitors (Polar RS800CX; Polar Electro, Kempele, Finland) for
analysis of heart rate variability. After attaching the heart rate belt so that the monitor is positioned at the base of
the sternum (following application of conductive gel), players must lie in a supine position for Smins to assess
R-R intervals. From the last 3mins various vagal-related indices will be calculated to assess the parasympathetic
activity of the nervous system.

Once heart rate variability analysis is completed, players will be required to provide a saliva sample by inserting
a Salimetrics Oral Swab (SOS; Salimetrics Europe, Suffolk, UK) underneath their tongue for 3mins before
removing and placing in plastic tube for further analysis of testosterone and cortisol. While waiting for the swab
to become saturated by saliva, subjects will complete a modified profile of mood states (POMS) questionnaire
which has previously been shown to correlate changes in function following competition (Shearer et al., under
review).

Following saliva collection players will then be required to provide a ~400UL capillary blood sample from the
fingertip for analysis of markers of muscle damage and inflammation (Creatine Kinase and C-Reactive Protein).

Players will then undergo a 5 minute dynamic warm up, followed by 3 practice countermovement jumps.
Following warm up players will be reminded of the procedures before performing 2 maximal single
countermovement jumps and 2 maximal drop jumps from a 40cm box. For countermovement jumps players will
be required to stand still on the force plate (Kistler type 92866AA, Kistler Instruments Ltd., Farnborough, UK)
with hands on hips to allow baseline vertical force to be determined. Once instructed to jump, players will be
required to jump as high as possible while keeping their hands on their hips. Countermovement depth is to be
self-selected for each player. For drop jumps players will stand on the box until asked to jump. Players are to
perform the movement with hands on hips and will be required to jump as high as possible while minimising
contact time on the force platform. Various performance markers will be calculated to assess functional
recovery (Bioware type 2812A1-3, Kistler Instruments Ltd., Farnborough, UK).

Tests are to be performed the day prior to the game (approximately 36hrs pre-game), post-match, approximately
12hrs post-game and 36hrs post-game. Due to the variance in kick-off times, it will not be possible to minimize
the fluctuations due to intra-day variance on match day. Furthermore, it will be difficult to limit the ingestion of
fluid and food during the second half of the game and limit caffeine prior and during competition. Prior to the
game players will be required to provide a saliva sample and complete the POMS questionnaire. Immediately
following the completion of the game players will be required to provide a blood sample and perform jump tests
as described above.

Following the game, individual and team statistics will be collected from the clubs performance analysis staff
(SportsCode Gamebreaker; Sportstec, Warriewood, NSW). Performance characteristics will also be taken from
data collected by Global Positioning Systems worn by the players (minimaxx v4 10Hz; Catapult Sports,
Victoria, Australia).

6.3. Data Analysis Techniques

Using SPSS software (version 3; SPSS Inc., Chicago, IL.), a repeated measures analysis of variance (ANOVA)
will be performed to establish the significance of changes between data collection points.

6.4. Storage and Disposal of Data and Samples

Saliva and plasma blood samples will be placed in an insulated box filled with ice and transferred to the exercise
physiology laboratory at Swansea University where they will be frozen at a temperature of -60°C and stored for
subsequent analysis. Access to samples will be supervised by the laboratory technician. Following analysis all
saliva and blood samples will be disposed of.

Under the responsibility of the research team, the data collected will be stored during analysis with a password
on a secure computer with access available to investigators and supervisors only. Feedback and interpretation of
results will be provided to rugby club staff when requested. Data will be disposed of post analysis by the
research team but will be retained by rugby club staff for future reference.
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7. LOCATION OF THE PREMISES WHERE THE RESEARCH WILL BE CONDUCTED.

Testing will be conducted at the regional rugby training facility (Parc-Y-Scarlets, Pemberton, Llanelli) and at
the Exercise Physiology laboratory at Swansea University. All tests will be performed under the supervision of
Dr. Liam Kilduff.

8. SUBJECT RISKS AND DISCOMFORTS

Other than the blood capillary sampling, the testing procedure is non-invasive and should not induce
physiological fatigue in the players. The blood capillary sample will require a finger prick to be administered
which will be a small, sharp pain however very little discomfort will be experienced during collection. The
warm up devised by University and club staff should reduce the likelihood of any injury from performing
maximal jumps, however club first aid staff and doctors will be present at all testing sessions. Each individual
will be required to complete an AHA/ACSM health screening questionnaire to ensure no risk factors for testing
exist.

9. INFORMATION SHEET AND INFORMED CONSENT
The submission should be specific about the type of consent that will be sought:
Have you included a Subject Information Sheet for the participants of the study ? YES

Have you included a Subject Consent Form for the participants of the study? YES

10. COMPUTERS
Are computers to be used to store data? YES

If so, is the data registered under the Data Protection Act? YES

11. STUDENT DECLARATION

Please read the following declarations carefully and provide details below of any ways in which your project
deviates from them. Having done this, each student listed in section 2 is required to sign where indicated.

I have ensured that there will be no active deception of participants.

I have ensured that no data will be personally identifiable.

I have ensured that no participant should suffer any undue physical or psychological discomfort

I certify that there will be no administration of potentially harmful drugs, medicines or foodstuffs.

I will obtain written permission from an appropriate authority before recruiting members of any outside

institution as participants.

. I certify that the participants will not experience any potentially unpleasant stimulation or deprivation.

7. I certify that any ethical considerations raised by this proposal have been discussed in detail with my
Supervisor.

8. I certify that the above statements are true with the following exception(s):

NN

=)}

Student signature:  (include a signature for each student in research team)

Date:

12. SUPERVISOR’S DECLARATION
In the supervisor’s opinion, this project (delete those that do not apply):
. Raises some ethical issues, but I consider that appropriate steps and precautions have been taken and I

have approved the proposal.

Supervisor’s signature: Date:
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13. ETHICS COMMITTEE DECISION (COMMITTEE USE ONLY)

ETHICAL APPROVAL: GRANTED REJECTED (delete as appropriate)
The ethical issues raised by this project have been considered by members of the Departmental Ethical Approval
Committee who made the following comments:

Please ensure that you take account of these comments and prepare a revised submission that should be shown
to your supervisor/ resubmitted to the Department Ethical Approval Committee (delete as appropriate).

Signed: Date:

(Chair, Departmental Ethics Advisory Committee)
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SPORT AND EXERCISE SCIENCE
COLLEGE OF ENGINEERING, SWANSEA UNIVERSITY
ETHICAL ADVISORY COMMITTEE

APPLICATION FOR ETHICAL COMMITTEE APPROVAL OF A RESEARCH PROJECT

In accordance with Departmental Safety Policy, all research undertaken in the department must be approved by the
Departmental Ethics Advisory Committee prior to data collection. Applications for approval should be typewritten
on this form using the template available in the Public Folders. The researcher(s) should complete the form in
consultation with the project supervisor. Where appropriate, the application must include the following appendices:
(D) subject information sheet;

(E) subject consent form;

(F) subject health questionnaire.

After completing sections 1-12 of the form, 1 copy of the form should be handed-in to the Department
Administrator who will then submit copies of the application for consideration by the Departmental Ethics
Advisory Committee. The applicant(s) will be informed of the decision of the Committee in due course.

1. DRAFT TITLE OF PROJECT

Does cold water immersion impair adaptation to strength training in professional rugby union players?

2. NAMES AND STATUS OF RESEARCH TEAM

Rhys Jones (PhD Student)
Dr. Liam Kilduff (Supervisor, Swansea University)
Brad Harrington (Head of Athletic Performance, Scarlets Rugby)

3. RATIONALE

As a consequence of the physical demands of rugby union, players make take several days to fully recover
following match-play (West et al., 2014). Insufficient recovery may compromise an individual’s ability to train
and may predispose an individual to a greater risk of injury (Lazarim et al., 2009). Furthermore, with the
accumulation of subsequent training, preparation for subsequent matches may be compromised (McLean et al.,
2010). Therefore, in an attempt to accelerate recovery following training and match-play, it is common practise
to employ one or more post-exercise recovery strategies, such as cold water immersion (CWI).

Cold water immersion has been reported to reduce the extent of muscle damage, inflammation and contractile
function impairment following exercise (Wilcock et al., 2006). Indeed a recent meta-analysis found that CWT is
an effective strategy to enhance recovery of muscle power post-exercise (Leeder et al., 2012). Furthermore,
research demonstrates that CWI (e.g. 2x5min at 10°C; Ingram et al., 2009) is an effective strategy in reducing
blood markers of muscle damage (e.g. Vaile et al., 2008) and delayed onset of muscle soreness (DOMS) post-
exercise (e.g. Vaile et al., 2008), and may enhance recovery of strength (e.g. Bailey et al., 2007), speed (e.g.
Ingram et al., 2008), and parasympathetic nervous system activity (e.g. Buchheit et al., 2009). Therefore, CWI
appears to be an integral component of recovery and preparation during periods of competition.

In addition to teams using CWI to speed up recovery from matches, CWI may be used post-training during
periods of physical development such as pre-season in attempt to optimise training adaptation; by potentially
allowing greater training loads (increased frequency, intensity or duration) to be performed in subsequent
sessions, thus increasing the stimulus for adaptation (Versey et al., 2013). However, despite enhancing
physiological recovery for subsequent sessions, the use of CWI to enhance adaptation during these periods may
be counterintuitive. For example, it has been suggested that muscle damage and the subsequent inflammatory
response is a vital precursor for the signalling mechanisms which initiate the repair and growth of cells (Carlson
and Faulkner, 1983), therefore incorporating strategies which attempt to blunt the effects of exercise induced
muscle damage may in fact reduce the potential for training adaptation to occur. Indeed research has
demonstrated that CWI (Yamane et al., 2006; Frohlich et al., 2014) post-exercise may inhibit the stimulus for
adaptive physiology. Therefore, during periods where physical development is of prime importance such as pre-
season, the use of recovery strategies such as CWI may in fact impede adaptation.

191



Currently there is lack of literature examining the effect of CWI on adaptation in elite athletes; therefore best
practice recovery protocols during periods of adaptation are unclear. In attempt to understand the role CWI has
on adaptive physiology, further research is required to assess the effect of CWI on adaptation to training during
periods where physiological adaptation is of prime importance in elite athletes.

4. REFERENCES
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Baeche TR and Earle RW eds. Champaign, IL: Human Kinetics, 407, 2008.
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70, 2007.
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5. AIMS and OBJECTIVES

The aim of this study will be to assess the effect of CWI on adaptation to training in professional rugby union
players.

Following initial strength testing, individuals from a professional rugby union team will be allocated into two
post-training recovery groups for the duration of a five week pre-season training phase. Individuals in one group
will be immersed in cold water post-training (CWI) while the other group will not use any post-exercise
recovery strategies (control; CON). Following the completion of the training phase, players will be re-tested to
establish the effect CWI has on adaptation to strength training in professional rugby union players.

6. METHODOLOGY
6.1. Study Design

Subjects are to be assigned from a male senior professional regional rugby union club (n=22, age 18-35) who
compete at European club level and contain several international players. To be included in the study, all players
will have been engaged in a structured weight-training program for at least 2 years and will be able to complete
an isometric mid-thigh pull (IMTP) with correct technique as assessed by a qualified strength and conditioning
coach. Players will be informed of the aims and procedures of the study.

A randomised control trial research design will be used to investigate the effect of CWI on adaptation to
strength training during a five week training block during pre-season. Following baseline strength testing,
players will be assigned to two post-training groups for the five week period; CWI or CON, with consideration
to strength results, playing position, training experience and key lift selection. To establish the efficacy of
strength training on adaptation, strength tests will be repeated one week following the completion of the five
week training period. All testing, training and recovery sessions are to be conducted and monitored at the team’s
training facilities.

6.2. Experimental Procedures
To determine baseline maximal strength, IMTP testing will be conducted on the first day of pre-season for the

measurement of peak force (PF) and relative peak force (Rel. PF). The following day players will then be
required to complete bench press and chin-up 3RM tests as part of their upper body strength session. Body
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composition tests will also be conducted prior to baseline testing by an International Society for the
Advancement of Kinanthropometry (ISAK) accredited technician.

Following testing, players will be pair-matched into two post-training recovery groups; CWI or a control group
with consideration to strength results, playing position, training experience and key lift selection. Pre-season
training will follow a weekly pattern for five weeks. Following the final training session of the day, players
assigned to the CWI group are to be immersed in cold water to the level of the anterior superior iliac spine at 10-
15°C (Comark PDT300; Comark Instruments, Norwich, UK) in a portable ice bath (White Gold Fitness,
Bedford, UK). During weeks 1-3 players are to be immersed for 2x5min (Ingram et al., 2009), with 2min
between immersions standing out of the bath. For the final two weeks of the training block players are to be
immersed for 1x10min (Bailey et al., 2007). Players are permitted a maximum of 2min to shower clean prior to
CWI however they are not permitted to return to the shower between or following immersions as this may be
counterproductive to the vasoconstrictive effects of CWI (Cochrane, 2004). Players are required to attend for
CWI immediately following their final session of the day however they are not restricted to nutritional
supplements immediately post-exercise which will be prescribed during this period. Players assigned to the
CON group will receive no post-exercise recovery intervention during the training period.

The IMTP testing was carried out with players standing on a portable force platform (type 92866AA, Kistler
Instruments Ltd., Farnborough, United Kingdom), positioned on the floor centred underneath the bar of a power
rack.

Prior to pre-training IMTP testing, players will be positioned so that they assume a body position similar to that
of athletes in the initiation of the second pull of a clean. This position allows athletes to maintain a knee angle of
approximately 120-140° as previously used (Haff et al., 2005; Stone et al., 2004). The pull-bar (Keiser UK,
Tetbury, Gloucestershire, United Kingdom) can be fixed to various heights above the force platform, to
accommodate different sized players. The height at which players pull from will be recorded so that players
adopt the same position for post-training testing. The custom made pull-bar will prevent any bending of the bar
during the pull and the rack will be anchored to the floor.

Prior to testing players will undertake a standardised warm up which will include S5min dynamic movement
followed by sequential 60, 90 and 120kg mid-thigh clean pull or rack pulls (2-3 reps) depending on the players’
preference. In preparation for maximal effort testing, one submaximal practice effort will then performed which
also allows investigators to ensure starting position can be maintained during testing.

When testing, players are to stand on the force platform, with their hands strapped to the bar using lifting straps.
Minimal pre-tension will be allowed to ensure that there is no slack in the subjects’ body prior to the initiation
of the pull (Beckham et al., 2013). The portable force platform with built-in charge amplifier will be used to
measure the vertical component of the ground reaction force (GRF) of the subjects during performance of a
maximal effort IMTP. A sample rate of 1,000 Hz and a vertical force range of 20 kN will be used for all trials.
The force—time data will be recorded on a portable computer using a 16-bit analog to digital converter. A sample
length of 10s will be used for all trials, consisting of a 5s quiet standing phase, and a Ss period when players
perform the IMTP following the command to ‘go’. The platform’s calibration will be checked before and after
each testing session. During each trial, subjects will be instructed to pull as hard and as fast as possible for a
period of approximately 5s. These commands are based on previous research indicating that the use of these
instructions produces optimal results for the attainment of maximal force (Bemben et al., 1990; Rahmani et al.,
2001).

During upper body testing, players will be asked to build up to a 3RM on the bench press and the chin-up. Prior
to testing players will complete a Smin dynamic warm up and 2-4 sets of 3-6 reps (~35-80% 1RM) of both
bench press and chin-ups in preparation for maximal effort testing. When performing the bench press, players
are requested to keep their hips on the bench and feet on the floor, and perform a full range of motion (i.e. to
complete a repetition the bar is to be lowered to chest and returned to a ‘locked-out’ arms position). Hand width
on the bar performing the bench press will be self-prescribed.

To add resistance to the chin-up, players may add weight to a belt supported around the waist. Using a shoulder
width supinated grip, players will lower themselves to hang so that arms are ‘locked-out’, and pause before
being instructed to start the test. Each repetition will be initiated from this position and will be completed once
the shoulders reached the line of the bar. Players will be asked to work up to a 3RM however 2 and 4RM efforts
will also accepted.
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A period of familiarisation will not be required for IMTP, bench press or chin-up testing prior to the initiation of
the study, as the players are used to the tests and procedures as part of their normal testing battery.

Calculation of peak force from GRF-time history will be determined using methods previously used in
professional rugby league using similar testing procedures (West et al., 2011). The PF will be determined from
the vertical component of the GRF-time history, defined as the peak produced during the IMTP minus the
subject’s body weight, which will be measured prior to testing (Seca 876; Seca, Birmingham, U.K.). Subsequent
to the determination of PF, Rel. PF will then be calculated by dividing PF by the subject’s body weight.

Calculation of bench Press and chin-up 1RMs from 3RM (1) testing will be determined by use of prediction
tables (Baechle and Earle, 2008). Body fat will be measured as the sum of 8 calliper measurements (triceps,
subscapular, bicep, iliac crest, supraspinale, abdominal, front thigh and calf; ISAK, 2007) and expressed as total
millimetres (mm). Excluding iliac crest, the remaining 7 measures will then be used to provide an estimate of fat
mass (Wilmore and Behnke, 1970; Siri, 1961) from which an estimate of fat free mass will be calculated.

6.3. Data Analysis Techniques

Statistical analyses are to be performed using the Statistical Package for the Social Sciences (SPSS for
Windows, version 14.0; SPSS, Inc., Chicago, IL, USA). Within-group changes and between-group differences
in strength measures are to be analysed using a two-way (group*time) repeated measures analysis of variance
(ANOVA), with paired t-tests carried out where relevant.

6.4. Storage and Disposal of Data and Samples

Under the responsibility of the research team, the data collected will be stored during analysis with a password
on a secure computer with access available to investigators and supervisors only. Feedback and interpretation of
results will be provided to rugby club staff when requested. Data will be disposed of post analysis by the
research team but will be retained by rugby club staff for future reference.

7. LOCATION OF THE PREMISES WHERE THE RESEARCH WILL BE CONDUCTED.

Testing will be conducted at the regional rugby training facility (Parc-Y-Scarlets, Pemberton, Llanelli).

8. SUBJECT RISKS AND DISCOMFORTS

Testing will require all individuals to exert maximal effort therefore there may a risk of injury, however all
players will be familiar with test protocols and risk of injury should be offset by warm-up protocols established.
Furthermore, prior to the study players will be provided with a two week preparatory programme to follow
which is designed to re-introduce the exercises used in pre-season in attempt to reduce muscle soreness and
injury. However should there be an injury, club staff and doctors will be present for all testing sessions.

Each individual will be required to complete an AHA/ACSM health screening questionnaire to ensure no risk
factors for testing exist.

9. INFORMATION SHEET AND INFORMED CONSENT
The submission should be specific about the type of consent that will be sought:
Have you included a Subject Information Sheet for the participants of the study ? YES

Have you included a Subject Consent Form for the participants of the study? YES

10. COMPUTERS
Are computers to be used to store data? YES

If so, is the data registered under the Data Protection Act? YES
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" 11. STUDENT DECLARATION

Please read the following declarations carefully and provide details below of any ways in which your project
deviates from them. Having done this, each student listed in section 2 is required to sign where indicated.

. I'have ensured that there will be no active deception of participants.

I have ensured that no data will be personally identifiable.

I have ensured that no participant should suffer any undue physical or psychological discomfort

I certify that there will be no administration of potentially harmful drugs, medicines or foodstuffs.

. T will obtain written permission from an appropriate authority before recruiting members of any outside
institution as participants.

I certify that the participants will not experience any potentially unpleasant stimulation or deprivation.
I certify that any ethical considerations raised by this proposal have been discussed in detail with my
supervisor.

8. I certify that the above statements are true with the following exception(s):

S

N

Student signature:  (include a signature for each student in research team)

Date:

12. SUPERVISOR’S DECLARATION
In the supervisor’s opinion, this project (delete those that do not apply):
. Raises some ethical issues, but I consider that appropriate steps and precautions have been taken and 1

have approved the proposal.

Supervisor’s signature: Date:

13. ETHICS COMMITTEE DECISION (COMMITTEE USE ONLY)

ETHICAL APPROVAL: GRANTED REJECTED (delete as appropriate)

The ethical issues raised by this project have been considered by members of the Departmental Ethical Approval
Committee who made the following comments:

Please ensure that you take account of these comments and prepare a revised submission that should be shown
to your supervisor/ resubmitted to the Department Ethical Approval Committee (delete as appropriate).

Signed: Date:

(Chatir, Departmental Ethics Advisory Committee)
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SPORT AND EXERCISE SCIENCE
COLLEGE OF ENGINEERING, SWANSEA UNIVERSITY
ETHICAL ADVISORY COMMITTEE

APPLICATON FOR ETHICAL COMMITTEE APPROVAL OF A RESEARCH PROJECT

In accordance withDepartmental Safety Policy, all research undertaken in the department must be approved by the
Departmental Ethic Advisory Committee prior to data collection. Applications for approval should be typewritten
on this form usingthe template available in the Public Folders. The researcher(s) should complete the form in
consultation with tle project supervisor. Where appropriate, the application must include the following appendices:
(A) subject information sheet;

(B) subject consen form;

(C) subject health juestionnaire.

After completing iections 1-12 of the form, 1 copy of the form should be handed-in to the Department
Administrator wip will then submit copies of the application for consideration by the Departmental Ethics
Advisory Commitee. The applicant(s) will be informed of the decision of the Committee in due course.

1. DRAFT TITLI OF PROJECT

Characterisation ofsleep patterns during training and competition periods in professional rugby union

2. NAMES AND TATUS OF RESEARCH TEAM

Rhys Jones (PhD Sudent)

Dr. Liam Kilduff (Sapervisor, Swansea University)

Dr. David Shearer (Jniversity of Glamorgan)

Brad Harrington (H:ad of Athlete Performance, Scarlets Rugby)

3. RATIONALE

Sleep is a basic requirement for human health due to its physiological and psychological restorative effects
(Leeder et al., 2012). During sleep, highest concentrations of growth hormones; which play a significant
anabolic role in skektal muscle growth via an increase in protein synthesis and reduction in protein breakdown,
are observed (Kraemer and Mazzetti 2003). Sleep, and the lack thereof, should therefore be stressed as
contributing an important role in the process of muscle recovery (Dattilo et al., 2011). In addition sleep is also
an important regulaor of central nervous system and cognitive functions (Dattilo et al., 2011).

However, under corditions of sleep deprivation concentrations of anabolic and catabolic hormones are reduced
and increased respe:tively (Dattilo et al., 2011), inflammation increases (Boudjelta et al., 2008), sympathetic
nervous system actwity is increased (Meerlo et al., 2010), and there are impairments to strength and power
production (Edge etal., 2010), muscle glycogen repletion (Edge et al., 2010) and cognitive function (Meerlo et
al., 2008).

Sleep is therefore avital component of an athlete’s recovery and preparation. Indeed, although only based on
anecdotal evidence, sleep has been reported to be the single most efficacious recovery strategy following
exercise in elite athltes (Halson, 2008). However, recent research has found that elite athletes may have poorer
sleep quality when compared to age and sex matched controls (Leeder et al., 2012).

In rugby union, sletp deprivation prior to competition could have a negative impact on neuromuscular and
cognitive performarce. Furthermore, competition has been shown to induce large increases in muscle damage
(Gill et al., 2006) axd neuromuscular impairment (West et al., in review) which may remain for several days.
Sleep deprivation fdlowing competition would therefore likely exacerbate the recovery process impairing the
ability to train and prepare for subsequent performance.

4. REFERENCES

Boudjelta, K., Faraui, B., Stenuit, P., Esposito, M., Dyzma, M., Brohee, D., Ducobu, J.,Vanhaeverbeek, M.,
Kerkofs, M. Sleep restriction increases white blood cells, mainly neutrophil count, in young healthy men: A

197



pilot study. Vascular Health and Risk Management, 4. 1467-1470. 2008.

Dattilo, M., Antunes, H., Medeiros, A., Monico Neto, M., Souza, H., Tufik, S., de Mello, M. Sleep and muscle
recovery: Endocrinology and molecular basis for a new and promising hypothesis. Medical Hypotheses, 77:
220-222. 2011

| Edge. The effects of sleep deprivation on muscle recovery and performance in athletes. Available at
www.sportnz.org.nz/documents/research/the_effects_of_sleep_deprivation_on_muscle_recovery_and_performa
nce_in_athletes.pdf (Accessed 30th December 2009).

Gill, N., Beaven, C., Cook, C. (2006). Effectiveness of post-match recovery strategies in rugby players. British
Journal of Sports Medicine. 40: 260-263. 2006

Halson, S. Nutrition, sleep and recovery. European Journal of Sports Science. 8: 119-126. 2008

Leeder, J., Glaister, M., Pizzoferro, K., Dawson, J., Pedlar, C. Sleep duration and quality in elite athletes
measured using wristwatch actigraphy. Journal of Sports Sciences. 30: 541-545. 2012

Kraemer and Mazzetti (2003). Hormonal Mechanisms related to the expression of muscular strength and power.
In: Strength and Power in Sport, 2™ Ed. Blackwell:UK

Meerlo, P., Sgoifo, A., Suchecki, D. Restricted and disrupted sleep: Effects on autonomic function,
neuroendocrine stress systems and stress resposivity. Sleep Medicine Reviews. 12: 197-210. 2008

West, D., Finn., C., Cunningham, D., Shearer, D., Jones, M., Harrington, B., Crewther, B., Cook, C., Kilduff, L.
The neuromuscular function, hormonal and mood responses to a professional rugby union match. Journal of
Strength and Conditioning Research, in review.

5. AIMS and OBJECTIVES

The study aims to observe the sleeping patterns of professional rugby players. Players will be assessed on
different days with respect to preparation and recovery from performance to establish whether sleep is affected
by previous or forthcoming exercise.

6. METHODOLOGY
6.1. Study Design

Subjects are to be assigned from a male senior professional regional rugby union club (n=15, age 18-35) who
compete at European club level and contain several international players.

The study is to be performed during the 2012-2013 season. Players will be informed of the aims and procedures
of the study. The study requires the players to wear an Actiwatch (Cambridge Neurotechnology Ltd. UK) the
night following a full days training (weights and two rugby sessions), a rest day, the day before a match and the
night following a match. Players will perform this for three home games of similar kick off time to get an
average for each night’s sleep. The study requires no physical exertion and requires and provided the watch is
worn correctly there should be no risks associated with testing.

6.2. Experimental Procedures

On observation nights, players will be required to wear their Actiwatch on the non-dominant wrist from 8pm to
the point of getting out of bed the following morning. Watches will be set with an epoch length of 1 minute,
collecting data from 8:15pm until 2pm the following day.

Data from each recording period is automatically calculated using the Sleepwatch software (Actiwatch activity
and sleep analysis version 5.5, Cambridge Neurotechnology Ltd., UK). Individual night’s sleep will be analysed
for the following range of variables: time in bed, sleep latency, time asleep, time awake, percent time sleeping
while in bed (sleep efficiency), actual sleep percentage, moving minutes, percentage moving time and sleep
restlessness (fragmentation index). Players will be given an information sheet which will contain sections for
players to note time to bed, time of wake and any other notes which may influence sleep patterns (e.g. napping,
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illness). Sleep quality will be determined by measures of sleep efficiency and fragmentation index.
6.3. Data Analysis Techniques

Using SPSS software (version 3; SPSS Inc., Chicago, IL.), a repeated measures analysis of variance (ANOVA)
will be performed to establish the significance of changes between data collection points.

6.4. Storage and Disposal of Data and Samples

Under the responsibility of the research team, the data collected will be stored during analysis with a password
on a secure computer with access available to investigators and supervisors only. Feedback and interpretation of
results will be provided to rugby club staff when requested. Data will be disposed of post analysis by the
research team but will be retained by rugby club staff for future reference.

7. LOCATION OF THE PREMISES WHERE THE RESEARCH WILL BE CONDUCTED.

- Testing will be conducted at the regional rugby training facility (Parc-Y-Scarlets, Pemberton, Llanelli) and at

the Exercise Physiology laboratory at Swansea University.

8. SUBJECT RISKS AND DISCOMFORTS

Watches are only to be worn during the evening and will not be worn during any physical exercise. If players
are required to perform additional training during the evening they will be informed that they should remove it
prior to doing so. Provided the watch is worn correctly there should be no risks associated with wearing the
watch during sleep.

9. INFORMATION SHEET AND INFORMED CONSENT
The submission should be specific about the type of consent that will be sought:
Have you included a Subject Information Sheet for the participants of the study ? YES

Have you included a Subject Consent Form for the participants of the study? YES

10. COMPUTERS
Are computers to be used to store data? YES

If so, is the data registered under the Data Protection Act? YES

11. STUDENT DECLARATION

Please read the following declarations carefully and provide details below of any ways in which your project
deviates from them. Having done this, each student listed in section 2 is required to sign where indicated.

. I'have ensured that there will be no active deception of participants.

I have ensured that no data will be personally identifiable.

I have ensured that no participant should suffer any undue physical or psychological discomfort

I certify that there will be no administration of potentially harmful drugs, medicines or foodstuffs.

I will obtain written permission from an appropriate authority before recruiting members of any outside
institution as participants.

I certify that the participants will not experience any potentially unpleasant stimulation or deprivation.
I certify that any ethical considerations raised by this proposal have been discussed in detail with my
Supervisor.

8. I certify that the above statements are true with the following exception(s):

Ga e

No

Student signature:  (include a signature for each student in research team)

Date:
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12, SUPERVISOR’S DECLARATION
In the supervisor’s opinion, this project (delete those that do not apply):
U Raises some ethical issues, but I consider that appropriate steps and precautions have been taken and I

have approved the proposal.

Supervisor’s signature: Date:

13. ETHICS COMMITTEE DECISION (COMMITTEE USE ONLY)

" ETHICAL APPROVAL: GRANTED REJECTED (delete as appropriate)

The ethical issues raised by this project have been considered by members of the Departmental Ethical Approval
Committee who made the following comments:

Please ensure that you take account of these comments and prepare a revised submission that should be shown
to your supervisor/ resubmitted to the Department Ethical Approval Committee (delete as appropriate).

Signed: Date:

(Chair, Departmental Ethics Advisory Committee)
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SPORT AND EXERCISE SCIENCE
COLLEGE OF ENGINEERING, SWANSEA UNIVERSITY
ETHICAL ADVISORY COMMITTEE

SUBJECT INFORMATION SHEET

Date : 12'" October 2011

Contact Details:
Rhys Jones
454297 @swansea.ac.uk

Dr. Liam Kilduff
Lkilduff@swansea.ac.uk

1. Study title

Characterisation of Recovery from Professional Rugby Union

2. Invitation paragraph

We would like to invite you to volunteer for this study that aims to determine the recovery response of
professional rugby players following competition in elite rugby union. We would like to thank you for
taking the time to read this information sheet and very much hope you choose to take part in what is
an exciting study.

3. What is the purpose of this study?

A lack of appropriate recovery following competition can increase physiological and psychological
fatigue or injury risk. With the accumulation of training the following week this may compromise
preparation for the next game and over time may result in overtraining. It is therefore important that
the expected recovery pattern following competition is understood to allow for better planning and
management of players.

Furthermore, in order to accelerate post-exercise recovery process, several strategies have been
proposed. However, despite their widespread use their effectiveness is unclear, largely due to
variations in methods used. To assess the effect recovery strategies have on recovery in rugby union it
may be most appropriate to use competition as a model of muscle damage. For us to perform future
research investigating the effect of various recovery strategies we need to understand variations in the
recovery process following each game.

Monitoring the match characteristics and recovery process from three professional rugby union games
will therefore allow us to provide information which will improve your recovery and preparation
between games. In addition, it will allow us to understand the recovery process from which we may be
able to investigate the use of various recovery strategies which could accelerate your recovery.

4. Why have I been chosen?

As we wish to apply our research to elite rugby union, by taking part you will help us further
understand the physiology of the sport improving the validity of our research. You are entirely free to
withdraw from the study at any time should you wish to do so, without giving any reason for doing so
or without giving prior notification of doing so.

5. What will happen to me if I take part?

You will be required to attend four testing session for each game that is selected for analysis. You will
be allocated times to attend for testing the day prior to the game (36hrs pre-game), the day following
the game (12hrs post-game) and two days following the game (36hrs post-game). In addition you will
be required to perform several tests post-game. Testing will be performed at the training gym at Parc
Y Scarlets. With exception to match day you are not allowed to drink, chew gum or brush teeth
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30mins prior to saliva sampling. You must only train at scheduled sessions and are not allowed to
perform any activity on the day prior to pre-competition testing. On each testing occasion you must
attend with in training shorts and t-shirt and wearing the same footwear. Alcohol is strictly prohibited
48hrs prior and throughout the testing period.

On non-match days you will follow the same protocol. After going through your standard monitoring
procedures on arrival (i.e. bodyweight and hydration) you are required to make your way to the gym
for your allocated testing time.

On arrival you must first wear a heart rate monitor for 5mins whilst lying to provide a measure of
heart rate variability. You will then be required to provide a saliva sample for hormone analysis by
placing a small swab underneath your tongue for 3mins. While waiting for the swab to become
saturated by saliva, you will complete a modified profile of mood states (POMS) questionnaire.

Following saliva collection players you will then be required to provide a capillary blood sample.

You will then undergo a 5 minute dynamic warm up, followed by 3 practice countermovement jumps.
Following warm up you will be reminded of the procedures before performing 2 maximal single
countermovement jumps and 2 maximal drop jumps from a 40cm box.

On match day you will be required to provide a saliva sample and complete a POMS questionnaire
prior to the game. Immediately following the game you will be required to provide a blood sample
and perform jump tests.

6. What are the possible disadvantages of taking part?

With the exception to the fingertip blood sample, the tests performed will be non-invasive and have
low muscle fatigue risk therefore there is a low risk in taking part. A warm up will be conducted prior
to any tests to further reduce any possibility of injury.

7. What are the possible benefits of taking part?

As well as providing feedback of multiple force plate measures to your club (e.g. rate of force
development, power), the research taken from the test results will enable us to further understand the
physiology of rugby which will educate staff on the recovery process in rugby union which will allow
more effective monitoring, recovery and preparation of players. The findings from the study may also
allow us to plan further studies determining the efficacy of several interventions to help enhance your
recovery and preparation from competition/training.

8. Will my taking part in the study be kept confidential?
Yes. All data will be kept confidential and will be accessible only by the research team, your club staff
and yourself during and after the study is completed.
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SPORT AND EXERCISE SCIENCE
COLLEGE OF ENGINEERING, SWANSEA UNIVERSITY
ETHICAL ADVISORY COMMITTEE

SUBJECT INFORMATION SHEET

Date : 24" May 2013

Contact Details:

Rhys Jones

454297 @swansea.ac.uk

PhD Swansea University and Scarlets Rugby

Dr. Liam Kilduff
Lkilduff@swansea.ac.uk
Swansea University

1. Study title

Does cold water immersion impair adaptation to strength training in professional rugby union players?

2. Invitation paragraph

We would like to invite you to volunteer for this study that aims to establish the effect cold water
immersion (CWI) may have on adaptation to strength training. We would like to thank you for taking
the time to read this information sheet and very much hope you choose to take part in what is an
exciting study.

3. What is the purpose of this study?

Cold water immersion (CWI) is commonly used in elite sport due to the common belief that it may
enhance recovery from exercise and therefore improve preparation for further exercise. Indeed,
research demonstrates that CWI may enhance recovery of function and reduce muscle soreness;
therefore CWI appears to be an important component of recovery during concentrated periods of
training such as pre-season.

Despite CWI potentially allowing greater training volume to be performed, recent research suggests
that the use of CWI during periods of training may actually impair adaptation which would therefore
limit training gains. However, to date no research has been performed in elite athletes. Therefore the
study aims to establish the effect CWI may have on adaptation to strength training during pre-season.

4. Why have I been chosen?

As we wish to apply our research to elite rugby union, by taking part you will help us further
understand the physiology of the sport improving the validity of our research. You are entirely free to
withdraw from the study at any time should you wish to do so, without giving any reason for doing so
or without giving prior notification of doing so.

S. What will happen to me if I take part?

The study will be based around your training so there will be no training or testing requirements
outside of your pre-season schedule. However, during the initial five week period of pre-season you
will be allocated to either a CWI or a control group (CON). The CWI group will be immersed in cold
water to the level of the top of the hip for a total of 10mins immediately following the final session of
the day while the CON group will receive no post-exercise recovery strategies during the training
period.

6. What are the possible disadvantages of taking part?
The only disadvantage to taking part in the study is the potential discomfort from cold water
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immersion which will be monitored to stay between 10-15°C.

7. What are the possible benefits of taking part?

The research conducted will greatly further understanding of how CWI affects recovery and
adaptation. This information may be used to improve the provision of post-recovery strategies which
will help enhance your recovery and adaptation to training.

8. Will my taking part in the study be kept confidential?
Yes. All data will be kept confidential and will be accessible only by the research team, your club staff
and yourself during and after the study is completed.
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SPORT AND EXERCISE SCIENCE
COLLEGE OF ENGINEERING, SWANSEA UNIVERSITY
ETHICAL ADVISORY COMMITTEE

SUBJECT INFORMATION SHEET

Date : 24" September 2012

Contact Details:

Rhys Jones

454297 @swansea.ac.uk

PhD Swansea University and Scarlets Rugby

Dr. Liam Kilduff
Lkilduff @swansea.ac.uk
Swansea University

1. Study title

Characterisation of sleep patterns during training and competition periods in professional rugby union

2. Invitation paragraph

We would like to invite you to volunteer for this study that aims to characterise sleep patterns of elite
rugby union players. We would like to thank you for taking the time to read this information sheet and
very much hope you choose to take part in what is an exciting study.

3. What is the purpose of this study?

Sleep promotes muscle repair and growth, and central nervous system and cognitive function
restoration. Following training and competition sleep therefore plays a vital role in your recovery and
preparation for training and your next game. However, under conditions when sleep quality is reduced
cognitive function and strength and power may be reduced.

Last season’s research showed some players may take several days to recover following a game. If
players are suffering from impaired sleep following a game this may increase the time it takes to
recover. Not only will this impair the ability to train, but with the accumulation of training the
following week this may compromise preparation for the next game. Furthermore if sleep is impaired
during the training week, in particular the night prior to playing, this will impact performance.

Evidence exists to suggest that elite athletes may have poorer sleep quality than non-elite athletes. By
monitoring your sleep characteristics in the week prior to a match and in the days following, it will
allow us to establish the sleep patterns of elite rugby players and establish whether sleep varies
according to previous or forthcoming exercise. This may provide information which will allow us to
try and enhance sleep quality; thus enhance individual recovery and preparation.

4. Why have I been chosen?

As we wish to apply our research to elite rugby union, by taking part you will help us further
understand the physiology of the sport improving the validity of our research. You are entirely free to
withdraw from the study at any time should you wish to do so, without giving any reason for doing so
or without giving prior notification of doing so.

5. What will happen to me if I take part?

You will be required to where a sleep monitor watch on five nights, during three separate weeks. You
will be required to wear the watch from 8pm until your rise from bed the following morning. You will
be informed the weeks of testing and nights of testing, but we will test the following nights; the night
following a full days training (weights and two rugby sessions), a rest day, the day before a match and
the night following a match. For each weeks testing, you will be allocated a monitor and a separate
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sheet which will provide you with sections for you to fill in time to bed and time out of bed, and any
notes which may have affected your sleep (e.g. napping, alcohol, illness). You will then be required to
hand in your monitor and sheet the first day back in training the following week.

6. What are the possible disadvantages of taking part?

The testing is non-invasive and requires little effort. The watches are fairly discrete and waterproof so
shouldn’t affect your evening; however we ask if you could remove the watch when exercising to
reduce the likelihood of damage.

7. What are the possible benefits of taking part?

The research taken will enable us to further understand your sleep patterns and may allow more
effective monitoring, recovery and preparation of players. The findings from the study may also allow
us to plan further studies in particular assessing the efficacy of several interventions to help enhance
sleep quality.

8. Will my taking part in the study be kept confidential?
Yes. All data will be kept confidential and will be accessible only by the research team, your club staff
and yourself during and after the study is completed.
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