The Effect of Milk on Recovery From
Exercise in Females

Paula Rankin
Institute of Cellular Medicine
PhD Thesis
February 2019

i

Abstract
It is well established that strenuous physical activity places both mechanical and
metabolic stress on participants, resulting in fatigue, increased muscle soreness,
reduced muscle function and performance. Post-exercise nutritional interventions aim
to minimise the negative effects of exercise participation while maximising recovery.
Milk has become a popular post-exercise drink in this context, though exploration of
milk’s effect on recovery from varied types of exercise has been minimal.
Furthermore there is a dearth of research examining the effects of post-exercise
nutritional interventions on female athletes. Therefore the overarching aim of this
thesis is to explore the effect of the post-exercise consumption of 500ml of milk on
recovery from a range of exercise activities in female athletes. These were an
isolated eccentric hamstring protocol (Study 1), an isolated concentric cycling
protocol designed to mimic the metabolic demands of team sport (Study 2), repeated
jumping and sprinting (Study 3) and a repeated simulated team game (STG) circuit
which was repeated following 48h recovery (Study 4).

Generally for the protocols with a high eccentric loading (Study 1, 3, 4) milk had a
beneficial effect in attenuating losses in peak torque, sprint performance and
perceptions of stress, though the likelihood and magnitude of benefit varied. Effects
on other variables were less conclusive. The effects of milk on oxidative stress are
unknown (Study 2 and Study 4), though this is because oxidative stress was not
observed. Milk also had no clear effect on inflammation and CK and minimal impact
on muscle soreness and tiredness. When the protocol had no eccentric loading, little
effect of milk was observed (Study 2). Interestingly, in study 4 while milk benefited
recovery, analysis of STG variables were trivial (HR, CMJ) and unclear (5m sprint,
15m sprint, lap-time, RPE). Of interest, in study 4 the second STG had little impact
on variables measures.

Overall the findings of this thesis suggest that milk is a beneficial recovery drink for
female athletes. The greatest benefits are following exercise with eccentric loading.
Further investigation is warranted to determine if these benefits are carried through to
subsequent exercise performance.
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Chapter 1: Introduction

1

1.1

Introduction

Participation in exercise places significant mechanical loads and metabolic demands
on complex musculoskeletal, physiological, metabolic and biochemical processes
that can result in fatigue, reduced muscle function, increased muscle soreness and
reduced ability to perform (Howatson and Milak, 2009; Brownstein et al., 2017). Once
a training bout or exercise session is complete, the athlete commences a recovery
phase in which fuel is restored (metabolic recovery) and damage of the
musculoskeletal system is repaired (mechanical recovery) (Heaton et al., 2017).
Furthermore, recovery is considered to be multi-faceted (both physiological and
psychological), and is thus an umbrella term characterised by both physiological
regeneration modalities and psychological recovery strategies (Kellmann et al.,
2018). Accordingly, recovery after exercise is clearly a complex challenge to the
athlete (Burke, 1997) and typically involves a systematic approach for maintainting
athletes’ physical and mental readiness to perform in the next training session or
competition (Heaton et al., 2017). This recovery process is further confounded by
varying lengths of the inter-bout recovery periods. High training loads can reduce the
recovery time to less than 8h and during intense competition periods athletes may be
competing daily or have as little as 48h between competitions (Fatouros et al., 2010;
Carling et al., 2015). Optimal recovery places an athlete in a better position to
maintain their performance or indeed enhance their performance in a subsequent
exercise bout, which over time may optimise adaptation to repeated bouts of exercise
(Moore, 2015). It is thus no surprise to see the amount of attention given to recovery
interventions and strategies, both in the literature and popular media (Heaton et al.,
2017).

Regardless of the recovery intervention (lifestyle, physiological, nutritional or
pharmacological), it is vital that the intervention is cognisant of the nature of exercise
performed (Minett and Costello, 2015; Howatson et al., 2016). Exercise with a
substantial mechanical load, such as isolated eccentric exercise, results in impaired
muscle function and increased soreness and serum markers of muscle damage
(Highton et al., 2009; Kanda et al., 2013). Exercise that is non-eccentric in nature,
such as cycling, involves increased metabolic load characterised by increased
energy flux, heart-rate, lactate and oxidative stress and varying levels of muscle
damage and reduced performance (Mujika and Padilla, 2001; Bell et al., 2014). Most
2

exercise activities reside somewhere between isolated mechanical exercise and
isolated metabolic exercise, inducing both mechanical and metabolic stress to
varying degrees (Fatouros et al., 2010; Howatson and Milak, 2009). Examining the
effects of specific interventions on recovery from these types of exercise should allow
the identification of effective recovery strategies that match the demands of the bout,
resulting in enhanced recovery, subsequent performance and adaptation.

Nutritional intervention is recognised as a key component of optimal sporting
performance (Beck et al., 2015) and also a vital component of recovery (Moore,
2015). Traditionally, recovery nutrition has focused on macronutrient intake for
muscle regeneration (Phillips et al., 2011) and glycogen resynthesis (Burke et al.,
2011), with more recent attention given to micronutrients and supplements that
support and accelerate recovery (Rawson et al., 2018; Burke, 2017). Consumption of
protein and carbohydrate is of importance in relation to muscle regeneration during
the recovery period. Skeletal muscle protein turnover is an ongoing process and is
the sum of muscle protein synthesis (MPS) and muscle protein breakdown (MPB)
(Morton et al., 2015). Exercise is a stimulus for muscle protein synthesis via
activation of the mammalian target of rapamycin complex (mTORC) pathway (Egan
and Zierath, 2013) but protein synthesis is also stimulated following the consumption
of protein and protein with carbohydrate (Fluckley et al., 2006) which is possible via
direct activation of mTOR (Phillips et al., 2011). The effect of carbohydrate on protein
synthesis is negligible but it likely decreases protein breakdown through its
insulinogenic effect (Chow et al., 2006; Børsheim et al., 2004). The combination of
exercise and nutrition, therefore, has a positive effect on protein balance resulting
from increased protein synthesis (Børsheim et al., 2004; Tipton et al., 1999) and an
attenuation of the rise in muscle protein breakdown (Biolo et al., 1997). Research has
focused on the source, timing and dose of protein and carbohydrate intake in order to
facilitate optimal recovery (Jeukendrup, 2017; Moore et al., 2015).

Milk has become a popular post-exercise recovery drink, particularly with many
athletes recently adopting a “food first” approach to their nutritional planning (Close et
al., 2016). Milk is a source of both whey and casein, providing 36g protein per litre
and has a Digestible Indispensible Amino Acid Score (DIAAS) of 1.14. This scoring
system is based on ileal digestibility of protein and utilises a test protein which can
give values greater than 1.0 (Phillips, 2017) and confirms that milk is readily
3

absorbed by the body, promoting protein synthesis and tissue repair and provides all
essential amino acids. Of significance is that milk contains high concentrations of
essential amino acids and branched chain amino acids (Haug et al., 2007) including
leucine, a key trigger for muscle protein synthesis. Milk also has a carbohydrate
concentration that is comparable to many sports drinks which may benefit postexercise glycogen resynthesis while attenuating protein breakdown (Thomas et al.,
2009; Ferguson-Stegall et al., 2011) and has a high concentration of electrolytes
which supports post-exercise rehydration (Shirreffs et al., 2007; Desbrow et al.,
2014). Moreover, milk has many important nutrients including calcium, Vitamin A and
Vitamin E. The whey content of milk is rich in cysteine which is a precursor for the
production of glutathione (Madureira et al., 2007), an important antioxidant. From a
practical perspective, milk is easily accessed and obtained, inexpensive and highly
convenient; factors that determine athletes’ nutritional choices.

Many investigations examining the effect of milk on recovery from exercise have
focused on endurance exercise and chocolate milk consumption. In addition to the
sugars naturally occurring in milk, chocolate milk has added sugars, usually sucrose,
which may benefit the restoration of depleted glycogen stores (Karfonta et al., 2010;
Ferguson-Stegall et al., 2011) and subsequent performance (Karp et al., 2006;
Thomas et al., 2009; Lunn et al., 2012). Benefits of milk consumption have been
observed with resistance training programmes (Rankin et al., 2004; Hartman et al.,
2007; Josse et al., 2010) and positive protein balance has been noted with
consumption of milk following resistance training bouts (Elliot et al., 2006; Wilkinson
et al., 2007). The effect of milk on recovery from exercise-induced muscle damage
(EIMD) has been logically investigated by Cockburn and colleagues in a landmark
sequence of studies (Cockburn et al., 2008, 2010, 2012, 2013) and it is apparent that
500ml milk following muscle damaging exercise can attenuate decreases in muscle
functional capacity in males including peak torque, reactive strength index (RSI) and
sprint performance. However, the nature of the exercise protocols utilised in these
studies (isolated eccentric protocols) is quite unlike the exercise stress experienced
by most exercising athletes, and hence, the role of milk in the recovery from other,
ecologically valid forms of exercise is necessary to inform the practical application of
this knowledge. It is also unknown if milk can impact on recovery from exercise that
does not include an eccentric bias or if milk can play a role in recovery from repeated
bouts of exercise.
4

Furthermore, all of the above investigations included male participants only and it
would be naive to assume that the guidelines for the use of milk in recovery
generated from studies involving all males can be identically applied to a female
cohort. An investigation examining female participation in sports medicine research
found that females comprised only 39% of participants in 1382 investigations
published across three peer-reviewed journals between 2011 and 2013 (Costello et
al., 2014). A slightly more recent survey of articles published in two journals in the
first 5 months of 2015 reported that females made up 42% of participants across 188
studies. Shockingly, when reviewing sports performance investigations (with one
study removed due to the nature of the data), the percentage of female participants
was only 3% (Brookshire, 2016). The startling lack of inclusion of females in this
sphere of research is partly historical, sociological and cultural (Sheel, 2016) and has
led to a poor understanding of basic sex differences (Schilaty, 2017). Sex
comparison investigations into responses to exercise are equivocal in their findings;
some have reported that females require longer periods to recover from exercise
(Flores et al., 2011) but others stated that females are less fatiguable than males and
demonstrate a faster recovery (Sayers and Clarkson, 2001). Oestrogen may be an
influencing factor in recovery, acting as an antioxidant against lipid peroxidation of
the cell membrane (Tiidus, 1995, 2003) thereby protecting the membranes from
damage (Kendall and Eston, 2002) during exercise though this does not always have
a positive effect on post-exercise muscle function (Power et al., 2010; Kerksick et al.,
2008). Oestrogen may also influence the inflammatory cascade, gene expression
and muscle metabolism. If oestrogen is a modulating factor of the recovery process
then research is needed to identify the specific recovery needs of this cohort.

In light of the available research it is tenable that milk has the potential to enhance
recovery from varying types of exercise in females. Consequently the overarching
aim of this thesis is to explore the effect of milk on recovery from a range of exercise
activities in female athletes. As current recovery nutrition is typically generic and does
not consider the severity and type of exercise performed (Jeukendrup, 2017), the
outcomes of this thesis should highlight the value of choosing nutritional interventions
that are specific to the mode of exercise and desired outcomes of the exercise bout,
and also specific to the athletic cohort. Establishing this knowledge can present a
foundation for practical recovery strategies for this under-investigated population.
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Considering the above, this thesis describes a series of studies which investigated
the effectiveness of milk on recovery from varying exercise protocols in a female
athletic population. In an attempt to identify sex differences in the response to the
consumption of milk following eccentric exercise (mechanical in nature), the first
study investigated the effect of milk on recovery from an exercise protocol that
induced muscle damage in the hamstring muscles, in both males and females.
Recovery of muscle function, soreness and serum markers of muscle damage were
assessed over a 72h post-exercise period.

In trying to expand an understanding of how milk might be effective as a recovery
beverage, the second study explored the effect of milk on isolated, continuous
concentric exercise (primarily metabolic in nature). Changes in muscle function,
muscle soreness and serum proteins were monitored over the 72h recovery period
following a cycling protocol designed to simulate the metabolic demands of teamsports.

The third study endeavoured to determine if milk can assist recovery from a sportspecific protocol with greater ecological validity and practical significance, inducing
both mechanical and metabolic stress. In this investigation participants completed a
protocol comprising repeated sprints and repeated jumps, following which 500ml of
milk or 500ml of an energy-matched energy drink was consumed, with recovery
monitored over 72h.

The final study endeavoured to investigate the effect of milk on recovery from
repeated bouts of exercise, separated by a 48h recovery period, thus replicating the
training load of many athletes. On two occasions, with a 48h recovery period, all
participants completed a circuit that simulates the demands and activties of a team
sport, with muscle function, soreness, serum proteins and symptoms of stress
monitored over a 96h period.
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Chapter 2: Review of Literature
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2.1

Introduction

This thesis focuses on the application of milk in recovery from varied exercise
protocols in a female team-sport cohort. The following review of literature therefore
presents an overview of muscle structure, function, protein synthesis, the impact of
protein and specifically milk, on recovery from exercise.

2.2

Structure and Function of Muscle

Given the nature of the methods of these investigations, a review of basic muscle
structure and function will provide context to the impact of exercise and underpin an
understanding of muscle function during the recovery period.

2.2.1 Structure of muscle
Skeletal muscle is a complex tissue representing 40-45% of total body mass and is
comprised multinucleated muscle cells embedded in a connective tissue matrix
(Meyer and Lieber, 2012). Muscle is contained within the epimysium, a layer of
connective tissue. Within the muscle bundles of muscle fibres, called fascicles, are
surrounded by another layer of connective tissue called the perimysium. Each
individual muscle fibre is enclosed in a meshlike sheath of collagenous tissue called
the endomysium. Muscle fibres are inextricably linked with this complex of connective
tissue, which is continuous with the tendons, and therefore this matrix may play an
important role in regulating muscle contraction, in addition to providing support and
assisting the transfer of force (Lieber, 1992).

The muscle fibre, or muscle cell, is cylindrical in shape with a diameter of 10-100 µm
in diameter (Lieber, 1992). Each fibre is enclosed in a plasma membrane called the
sarcolemma which provides a barrier between the fibre and the extracellular fluid
(McComas, 1996). The muscle fibre is made up of myofibrils, each approximately
1µm in diameter, arranged in parallel (Lieber, 1992). Protein filaments, arranged in
repeating units, called sarcomeres, constitute each myofibril. These protein filaments,
or myofilaments, are categorised as thick or thin, and it is the active interdigitation of
these filaments that produces muscle shortening (Lieber, 1992). The arrangement of
the protein filaments and the degree of overlap gives the muscle its striated
appearance (Lieber, 1992). The region of the sarcomere containing the thicker
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filament, myosin, is termed the A band (anisotropic). The thin filament, actin, forms
the I band (isotropic). In the centre of the A band there is a pale region without actinmyosin overlap which is called the H-zone (McComas, 1996). Bisecting the I band is
the z-line or z- disk to which filaments are attached. One sarcomere extends from zdisk to z-disk.

The actin filament measures approximately 1.6 µm in length and 8 nm in width
(McComas, 1996). It is anchored to the z-disk by α-actinin and is composed of a
long α-helical arrangement of actin monomers (Lieber, 1992). The helical
arrangement creates a groove along the length of the filament, into which the
regulatory protein, tropomyosin fits. Approximately, every seven actin monomers
contains the protein troponin (Lieber, 1992). Troponin (Tn) is composed of three
subunits: Tn-I, an inhibitory component which prevents actin-myosin interaction; TnT, which binds troponin to tropomyosin; Tn-C, which binds calcium during muscle
contraction (Farah and Reinach, 1995).

The thick myosin filament , approximately 1.6 µm long and 120 nm wide (Maruyama,
1997), is made up of myosin molecules arranged in an anti-parallel fashion, giving
the sarcomere symmetry down the middle (Lieber, 1992). The myosin molecule has a
long back bone and a region with two globular heads that extends from the backbone
(McComas, 1996). These projections can be seen every 143Å along the length of the
myosin filament (Lieber, 1992). The myosin molecule is subdivided into separate
components based on the formula weight of each: light meromyosin (LMM) forming
the backbone of myosin and heavy meromyosin (HMM) making up the projections.
The HMM has two further subfragments: subfragment 1 (S-1) which is the globular
head of myosin and subfragment 2 (S-2) which is the part of HMM that projects from
the LMM backbone (Lieber, 1992). S-1 and S-2 form the ‘cross-bridge’ between the
myosin backbone and the actin filament during force production. Part of the S-1
component contains a pocket for binding and hydrolysing ATP (McComas, 1996), in
addition to sites for binding to actin located on the opposite side of the S-1 head
(Rayment et al., 1993).

After actin and myosin, titin (or connectin) is the most abundant muscle protein
(Kontrogianni-Konstantopoulos et al., 2009). Titin is attached to the z-disk and spans
half the sarcomere anchoring in the M-band (Small et al., 1992; Maruyama, 1997).
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The z-disk portion of titin has binding sites for other proteins inclduing α-actinin,
obscurin and nebulin, therefore, playing an essential role in sarcomere stability and
maintenance (Kontrogianni-Konstantopoulos et al., 2009). The central I-band region
of titin, unlike other regions, gradually extends, meaning that it functions in a springlike manner assisting in the maintenance of a constant resting sarcomere length
even after stretch or contraction (Small et al., 1992; Maruyama, 1997; Lieber et al.,
2002; Kontrogianni-Konstantopoulos et al., 2009) and the production of force during
contraction (Rode et al., 2009). In addition, and of significance in the context of
muscle damage, it seems that titin has binding sites for calpain proteases
(Kontrogianni-Konstantopoulos et al., 2009).
Nebulin is another ‘giant’ protein. An inextensible protein, it is anchored in the z-disk
(thereby regulating z-disk width (Labeit et al., 2011)) and binds along the length of
the actin filament (Small et al., 1992; Kontrogianni-Konstantopoulos et al., 2009) with
two nebulin strands per thin filament winding around the outer edge of the actin helix
(Yadavalli et al., 2009). Nebulin is required for stabilising the thin filaments
(Kontrogianni-Konstantopoulos et al., 2009), maintaining thin filament length (Labeit
et al., 2011) and enhancing force production (Witt et al., 2006). It has been
suggested that nebulin may stiffen the thin filament against impact and promote the
healing of severed actin filaments (Yadavalli et al., 2009).

In addtion to the contractile filaments and the giant proteins, muscle has an
extensive cytoskeletal network comprising intermediate filaments (IF) that connect
the cell surface with the nucleus and provide cells with important mechanical
properties (Goldman et al., 2008). IF proteins are 10-12 nm in diameter (Toivola et
al., 2005) and all are similar in structure with a central α-helical rod flanked by non- αhelical ‘head’ and ‘tail’ domains (Goldman et al., 2008; Herrmann et al., 2007).
Mature muscle is abundant with the IF desmin (Capetanaki et al., 2007) but other IFs
found in muscle include vimetin, synemin, desmuslin, paranemin, vinculin and
syncoilin. Reportedly, IFs function mechanically in force transmission and
transduction of mechanical perturbations, but also play a role in maintaining cell
integrity, signalling, stabilisation and tethering of cell organelles (Milner et al., 1996;
Helfand et al., 2003; Capetanaki et al., 2007; Goldman et al., 2008).
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Desmin is the major muscle-specific IF protein, consituting 0.35% of total muscle
protein (Paulin and Li, 2004). A 10 nm filament (Costa et al., 2004), desmin links
myofibrils laterally by forming a three-dimensional scaffold around the z-disk (Paulin
and Li, 2004). Desmin has a clear role in providing and maintaining strength and
mechanical integrity for the cell (Milner et al., 1996; Paulin and Li, 2004) and for
optimal excitation-contraction coupling (Paulin and Li, 2004). Of particular interest to
this study is how the amount of structural damage following eccentric exercise
correlates with the rapid disappearance of desmin from muscle (Lieber et al., 1996;
Lieber et al., 2002). Furthermore, animal research demonstrates that lack of desmin
results in degeneration and disorganisation of the cell, with reduced muscle force
production and increased fatigue (Milner et al., 1996; Paulin and Li, 2004). Of final
relevance is that desmin is a substrate for proteolysis by muscle-specific calpain (Goll
et al., 2003).

2.2.2 Excitation-contraction coupling and cross-bridge cycling
The term excitation-contraction coupling refers to the process by which neural
activation results in contraction of the muscle (Lieber, 1992). The depolarisation of
the peripheral nerve axon generates an action potential that propagates down the
nerve to reach the neuromuscular junction. Here, the neurotransmitter acetylcholine
(Ach) is relased into the synaptic cleft and binds to an Ach receptor which is
integrated into the muscle membrane. This binding results in depolarisation of the
sarcolemma, and the resulting action potential is quickly conducted deep into the
muscle fibre by the T-tubules which ultimately results in the release of calcium from
the terminal cisternae of the sarcoplasmic reticulum (SR) (Melzer et al., 1995).

Under resting conditions, the TnI subunit of the troponin complex inhibits an
otherwise strong and favourable interaction between actin and myosin (Farah and
Reinach, 1995). Following the release of calcium from the SR, the binding of calcium
to specific sites on the TnC subunit, displacing magnesium (Melzer et al., 1995), is
the initial event in the removal of inhibition of the actomyosin interaction (Farah and
Reinach, 1995). It is likely that the removal of this inhibition is via a shift in
tropomyosin’s position, lifting it away from the actin filament (McComas, 1996).
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Movement in muscle is then generated by the myosin cross-bridges which interact
cyclically with the actin filaments, drawing them past the myosin thick filaments
(Geeves and Holmes, 1999). This ‘sliding filament’ mechanism was proposed and
developed by AF Huxley and HE Huxley in the 1950’s. Work by Huxley and
Nidedergerke (1954) proposed that small projections from the myosin filaments,
termed ‘cross bridges’ could briefly attach themselves to the actin filament drawing
the thin filaments towards the centre of the sarcomere (Huxley, 1974). More recently,
protein crystallography of the cross bridge has allowed for greater understanding of
this process (Geeves and Holmes, 1999), including the role of ATP in the powering of
cross-bridge cycling. The ‘swinging cross bridge hypothesis’ described clearly by the
Lymn-Taylor cycle (Lymn and Taylor, 1971) explains the process. With the myosin
head in a 45° conformation (‘rigor’), ATP enters the pocket in the upper domain of the
myosin head, opening a cleft that splits the heavy chain into two distinct components,
termed the upper 50K and lower 50K domains (Holmes et al., 2004). This results in a
dissociation of the actin-myosin complex and the myosin head moves 5 nm farther on
(McComas, 1996). ATP is then hydrolysed, with ADP and Pi remaining in the myosin
head. Reassociation of actin and myosin allows the cleft between the upper and
lower domains to close, resulting in Pi being expelled from the myosin head (Fisher
et al., 1995). Subsequently the ATP pocket opens, the cross-bridge undergoes a
conformational change, with the release of ADP leading to the ‘power stroke’
(Holmes, 1997) or ‘force-generating event’ (Geeves, 1991), and the actin filament is
moved 5 nm onwards (McComas, 1996). The repeated attachment and detachment
between actin and mosin for each ATP hydrolysed leads to the shortening of the
sarcomere (Geeves, 1991). A single cross-bridge cycle lasts approximately 50 ms,
with the actomyosin complex formed for only 2 ms (McComas, 1996). Of note is the
role of magnesium (Mg) in this process. Mg reduces the rate of Ca2 binding to
troponin, as troponin can also bind Mg (Potter et al., 1981). The Mg complex with
adenosine triphosphate (MgATP) is the substrate for the enzymatic reactions of the
sliding filament mechanism. MgATP reacts with the myosin globular heads, resulting
in actomyosin dissociation; thus as MgATP concentration increases, relaxation
occurs (Melzer et al., 1995).

Altenative explanations for muscle contraction have been hypothesised. These
include a ‘swinging-lever arm’ process (Geeves and Holmes, 1999; Holmes et al.,
2004), a ‘flipping-neck’ mechanism (Yanagida et al., 1985) or an electrostatic
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process (Yu et al., 1970). However, review of such models is beyond the scope of
this thesis.

2.2.3 Eccentric muscle action
Although most descriptions of muscle contraction refer to a shortening of the
sarcomere, force is also produced when an external force exceeds that produced by
the muscle and the muscle lengthens (Enoka, 1996; LaStayo et al., 2003). It is likely
that the actin-myosin interactions in an eccentric action are similar to a concentric
contraction (shortening of the muscle) except that the opposing actin filaments are
pulled away from each other in the sarcomeres (McComas, 1996). In this case, the
actomyosin bonds are probably disrupted mechanically rather than undergoing an
ATP-dependent detachment and absorption of energy during lengthening is
converted to mechanical work during subsequent shortening (Constable et al., 1997;
Lindstedt et al., 2001). It is recognised that an eccentric contraction generates more
force than a concentric contraction (Lindstedt et al., 2001; Herzog, 2013) perhaps
due to a greater number of cross bridges formed at any given time during
lengthening. Unequal lengthening of individual sarcomeres (weaker sarcomeres
being stretched considerably more than stronger sarcomeres), giving a dispersion in
saromere length, may result in a higher force than if the sarcomeres lengthened
uniformly (Morgan, 1990; Koppes et al., 2013). Furthermore, it appears that eccentric
contractions require unique activation strategies by the nervous system (Enoka,
1996; Duchateau and Baudry, 2013) and it has been suggested that titin may play a
greater role than previously considered (Herzog et al., 2016). Readers are directed to
Hessel et al., (2017) for a thorough review. Of significance is that eccentric muscle
actions may result in disruption of the sarcomeres and sarcolemma and sarcoplasmic
reticulum damage (Morgan, 1990) which in turn leads to an increase in intracellular
calcium concentration leading to further degredation. This mechanism will be
discussed in 2.4.1.

2.3

Protein Synthesis and Breakdown

Skeletal muscle protein turnover is an ongoing process and is the sum of muscle
protein synthesis (MPS) and muscle protein breakdown (MPB), with 1-2% of proteins
synthesised and broken down every day (Welle et al., 1994) at a rate of 0.06 h-1
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(Morton et al., 2015). Positive protein balance occurs when the rate of MPS exceeds
the rate of MPB. Key stimuli for muscle protein synthesis include resistance exercise
and provision of amino acids, particularly, essential amino acids.
2.3.1 Muscle protein synthesis
Muscle protein synthesis involves gene transcription and translation, the latter
regulated by mTOR (mammalian target of rapamycin) (Drummond et al., 2009).
mTOR is a large protein found in two complexes: mTORC1 and mTORC 2 (Ham et
al., 2014). It is thought that mTORC2 is not involved in the regulation of translation
initiation and elongation (Drummond et al., 2009). p70 ribosomal S6 kinase 1 (S6K1)
is a downstream target of mTORC1 and a key influence in translation initiation and
elongation via the phosphorylation of 40S ribosomal protein S6 (rpS6) and eIF4B
(Egan and Zierath, 2013). S6K1 phosphorylation has been found to have a positive
association with muscle mass in humans undertaking a 12 week resistance training
programme (Terzis et al., 2008). This effect may be via S6K1 phosphorylation of
ribosomal protein S6 (rpS6) and eukaryotic elongation factor 2 (eEF2) kinase
(Drummond et al., 2009), among others. Upstream, mTORC1 is activated by Akt
(protein kinase B), but also by amino acids and muscle contraction (see following
sections). The regulation of translation initiation and elongation also involves the ERK
1/2 (extracellular signal-regulated kinase 1/2). Interaction between mTORC1 and
ERK1/2 has been identified, but it is possible for ERK 1/2 to enhance protein
synthesis independent of mTORC1 (Fluckley et al., 2006).

2.3.2 Contractile regulation of muscle protein synthesis
Early research indicated that muscle protein synthesis was decreased during
exercise (Rennie et al., 1980). It is now well known that this is reversed following
exercise, with an increase in protein synthesis observed during the recovery period. It
has also been established that there is an increase in muscle protein breakdown
during this post-exercise period (Phillips et al., 1997) and greater post-exercise
protein synthesis ultimately leads to positive protein balance. The outcome of the
increased protein synthesis is driven by the nature of the exercise stimulus. Primarily,
muscle hypertrophy is observed with resistance training and mitochondrial
biogenesis is observed with endurance exercise. Muscle contraction results in
disruption to the sarcolemma, causing an increase in the concentration of membrane
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phospholipid phosphatidic acid (PA) through activation of phospholipase D (PLD)
(Egan and Zierath, 2013). The subsequent mechanism for enhanced muscle protein
synthesis involves the activation of the mTORC1 pathway (Dreyer et al., 2006). The
observed increase in protein synthesis following resistance training remains elevated
for up to 24h in trained individuals and perhaps up to 48h in untrained (MacDougall et
al., 1995). This is indicated by increased S6K1 phosphorylation above baseline
following a resistance exercise session (Deldicque et al., 2008). Furthermore, Akt
phosphorylation has been observed during the recovery period following resistance
exercise (Dreyer et al., 2006) confirming the activation of the mTORC1 pathway
during this time period.

A number of studies have investigated signalling pathways following eccentrically
biased exercise. It has been reported that PKB and p70S6K activation is greater in
response to lengthening actions compared to shortening actions in rat muscle (Nader
and Esser, 2001) though similar results have not been observed in humans following
eccentric exercise (Phillips et al.,1997; Cuthbertson et al., 2006). In this latter study,
no differences in the magnitude or time course of the activation of signalling proteins,
or on rates of myofibrillar protein synthesis were observed when eccentric actions
were compared to concentric contractions. The different results observed in rats may
be due to the electrical stimulation of rat muscle as opposed to voluntary contractions
in the human studies. However, in humans, given that eccentric actions are more
energy efficient than concentric actions it has been noted that if work is matched
between lengthening and shortening actions, greater MPS is observed with
lengthening actions (Moore et al., 2005). Eliasson et al., (2006) compared maximal
eccentric actions to maximal concentric actions in untrained males and found an
increased activation of p70S6K with eccentric actions, but no change in the
phosphorylation of Akt or mTOR, suggesting an Akt/mTOR-independent pathway in
the activation of p70S6K following eccentric exercise, and in the absence of
nutritional intake. It is likely, therefore, that eccentric actions alone, via both force
production and elongation (Eliasson et al., 2006) are a powerful stimulus for
translation initiation and protein synthesis, which is relevant to the investigations of
this thesis.

There is a lack of consensus on the effect of metabolic stress on protein synthesis.
Increased mixed muscle protein synthesis occurs following endurance exercise
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(Harber et al., 2010; Mascher et al., 2011) and an increase in mitochondrial protein
synthesis has been reported following continuous cycling (Wilkinson et al., 2008;
Dumke et al., 2009), probably as a result of increases in PGC-1α and Sirt-mRNA
(Dumke et al., 2009). The same effect is seen following high intensity interval
exercise that induces high levels of metabolic stress (Little et al., 2010), again via an
increase in PGC-1 α. Both AMPK and mTOR increase after a bout of cycling
(Benziane et al., 2008; Mascher et al., 2007) with the rates of both myofibrillar and
mitochondrial protein synthesis being influenced by exercise intensity (Di Donato et
al., 2014). Following sprint interval training, males demonstrate higher mixed muscle
and mitochondrial protein synthesis (Scalzo et al., 2014).

2.3.3 Nutritional regulation of muscle protein synthesis
The ingestion of essential amino acids along with carbohydrate has been shown to
be associated with an increase in protein synthesis via mTOR activation (Fluckey et
al., 2006). Fujita et al., (2007) reported an increase in phosphorylation of Akt, mTOR
and S6K1 following the ingestion of a leucine-enriched amino acid and carbohydrate
solution. Leucine has been identified as a ‘metabolic trigger’ for muscle protein
synthesis (Crozier et al., 2005; Wilkinson et al., 2013). A breakthrough study by Buse
and Reid (1975) on rat muscle found that leucine played a key role in stimulating
protein synthesis and reducing protein breakdown in the fed or fasted state, either
with or without insulin, compared to other amino acids. This was followed by a
number of animal studies that similarly reported increased protein synthesis with
leucine (Garlick et al., 1988; Anthony et al., 2000; Crozier et al., 2005). Studies in
humans have confirmed the anabolic effect of leucine (Rieu et al., 2006; Wilkinson et
al., 2013) and research has shown that suboptimal intake of protein can be
maximally effective if leucine is added (Churchward-Venne et al., 2012). This
suggests that foods rich in leucine are more effective in enhancing MPS than those
with low leucine content (Katsanos et al., 2006) though a leucine ‘threshold’ may be
specific to age (Katsanos et al., 2006) and activity levels (Glover et al., 2009). It is
also tenable that leucine may impact muscle protein breakdown. Nair et al., (1992)
reported decreased muscle protein breakdown with leucine infusion; this may be as a
result of an insulinogenic effect as it is known that only a small increase in insulin
concentration can reduce protein breakdown (Wilkes et al., 2009).
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Leucine’s effect on protein synthesis is via its ability to activate mTOR (Anthony et
al., 2000). It is also possible that essential amino acids may directly activate mTOR
(rather than through Akt or other targets) via other kinases (hVps34 or MAP4K3)
(Byfield et al., 2005; Phillips et al., 2011). It has been demonstrated that small
GTPases (the Rags), activated by an increase in amino acid abundance, can activate
mTORC1 perhaps by changing the subcellular location of mTORC1 to the lysosomal
membrane (Efeyan et al., 2012; Jewell et al., 2013). When cells are deprived of
amino acids, mTORC1 is diffused throughout the cell, but an increase in amino acids
results in a rapid translocation of mTORC1 to the lysosomal surface (Bar-Peled and
Sabatini, 2014). This translocation permits interaction with Rheb (ras homologous
protein-enriched in the brain), a small GTPase located at the lysosomal surface
which is an activator of mTORC1 (Phillips et al., 2011) and has been termed the
‘ignition key’ for the kinase activity of the complex (Efeyan et al., 2012). Further
regulation of mTORC1 involves a number of other complexes including Ragulator
and GATOR (GAP activity towards Rags) (Bar-Peled and Sabatini, 2014). Readers
are referred to Bar-Peled and Sabatini (2014), Jewell et al., (2013) and Efeyan et al.,
(2012) for comprehensive reviews.

There is considerable agreement that carbohydrate ingestion decreases protein
breakdown through its insulinogenic effect (Chow et al., 2006; Borsheim et al., 2004).
Circulating insulin plays an important role in the regulation of protein metabolism
(Koopman et al., 2005) though its role in promoting post-exercise muscle protein
synthesis is controversial (Figuerideo and Cameron-Smith, 2013). In-vitro studies
have shown that the presence of insulin increases muscle protein synthesis
(Nobukuni et al., 2005; Byfield et al., 2005), though these studies compared
synthesis rates either with or without insulin. In-vivo conditions without insulin do not
exist; overnight fasting results in low, but easily measured, concentrations of insulin
(Figuerideo and Cameron-Smith, 2013). Hyperinsulinemia (without exercise)
following insulin infusion or carbohydrate ingestion may result in protein synthesis
(Bell et al., 2005) and reduced protein breakdown (Gelfand et al., 1987; Denne et al.,
1991; Chow et al., 2006) but not all studies have found this (Fujita et al., 2006; Glynn
et al., 2013). It is possible that despite reaching an insulin ‘threshold’ of >200pmol/l -1,
the threshold concentration must be maintained for a minimum amount of time in
order to significantly affect muscle protein breakdown (Glynn et al., 2013) thus,
explaining the disparate results in the aforementioned investigations. Glynn et al.,
17

(2013) reported similar fractional synthetic rate, muscle protein synthesis, muscle
protein breakdown and nitrogen balance following the ingestion of essential amino
acids or amino acids with carbohydrate (30g sucrose). Nonetheless, it is possible that
carbohydrate may stimulate MPS if protein intake is suboptimal (Phillips, 2014).

2.4

Exercise Stress

It is hypothesised that recovery from exercise is affected by mechanical and
metabolic stress (Armstrong, 1990; Byrd, 1992; Pyne, 1994). Mechanical stress
arises from direct mechanical loading on the muscle fibre, with greater damage
resulting from eccentric muscle contractions compared to concentric or isometric
contractions (Armstrong et al., 1991). Metabolic stress may be a result of metabolic
insufficiencies in contracting muscles (Armstrong et al., 1991). Most exercise
incorporates elements of both mechanical stress and metabolic stress resulting in
increased muscle damage, inflammation and oxidative damage. For the purpose of
this review these aspects are reviewed separately. However, it is important that the
reader is cognisant of the simultaneous occurance of all during most forms of
exercise.

2.4.1 Mechanical stress
The mechanisms and processes involved in mechanical stress, muscle damage and
regeneration are not fully understood. Sarcomeres are considered unstable on the
descending limb of the length-tension curve (Allen, 2005). Excessive strain placed on
individual sarcomeres during eccentric contractions may initiate muscle injury. When
active muscle is stretched beyond optimum length on the descending limb,
sarcomeres will exceed their yield point (point of contact between actin and the
myosin head) (Morgan, 1990). Subsequently, there is non-uniform lengthening of
sarcomeres (Morgan, 1990). When a sarcomere is stretched beyond optimal length it
is weakened; the longer the sarcomere the weaker that sarcomere becomes. This
results in a more rapid stretching, and even greater weakness until rising passive
tension compensates for falling active tension (Morgan and Proske, 2004). This
increased length of sarcomeres corresponding to lengths beyond filament overlap
results in ‘popping’ (Morgan, 1990; Proske and Allen, 2005). This lengthening of
sarcomeres does not occur regularly along the muscle myofibril, therefore, there is a
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shearing of sarcomeres predisposing the myofilaments and cellular structures to
damage (Morgan and Proske, 2004). The cytoskeleton is disrupted (Lieber et al.,
1996; Koh and Escobedo, 2004; Choi and Widrick, 2010) and the t-tubules,
sarcoplasmic reticulum and sarcolemma are damaged (McNeil and Khakee, 1992;
Takekura et al., 2001) impairing activation of the contractile proteins (Balnave and
Allen, 1995; Ingalls et al., 1998). Damage to the extracellular matrix (epimysium,
perimysium and endomysium) may also occur as a result of sheer stress (Gao et al.,
2008). Failure of some of the excessively lengthened sarcomeres to re-interdigitate
following repeated eccentric contractions further affects sarcomere function (Talbot
and Morgan, 1996; McPherson et al., 1997; Morgan and Allen, 1999), though not all
studies support this (Panchangam and Herzog, 2011). Failure of re-interdigitation
puts extra load on adjacent sarcomeres through transverse connections between
myofibrils, increasing the likelihood of those sarcomeres popping in a subsequent
contraction, leading to further disruption (Morgan and Allen, 1999). Extensive
sarcomere disruption may lead to damage to the sarcolemma or the sarcoplasmic
reticulum, in turn increasing intracellular Ca2+ concentration, activation of proteolytic
enzymes and further damage and losses of function (Zhang et al., 2008).

Factors affecting the amount of mechanical stress
Repeated eccentric contractions leads to a greater number of disrupted sarcomeres
compared to fewer contractions (McCully and Faulkner, 1986; Talbot and Morgan,
1996) resulting in the large regions of sarcomere damage reported (Armstrong et al.,
1983; Friden and Lieber, 2001), though this relationship is nonlinear with further
increases in the number of eccentric contractions resulting in smaller increases in
damage (McCully and Faulkner, 1986; Talbot and Morgan, 1998). Muscle damage
has been observed following sub-maximal eccentric actions (Lieber and Friden,
1993; Talbot and Morgan, 1998; Paschalis et al., 2005), indicating that the magnitude
of strain on saromeres is a more significant factor in inducing muscle damage than
the amount of force produced (Fridén and Lieber, 1992). Eccentric actions at longer
muscle lengths results in greater damage than contractions at shorter muscle lengths
(Child et al., 1998; Newham et al., 1998; Nosaka and Sakamoto, 2001) with an
increase in damage as the sarcomere length moves onto the descending limb of the
length-tension curve (Morgan and Allen, 1999). It has been reported that the velocity
of the eccentric contraction is not a major determinant of muscle damage (McCully
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and Faulkner, 1986; Talbot and Morgan, 1998; Barroso et al., 2010), though greater
z-disk streaming has been reported after fast (210°:s-1) eccentric contractions
compared to slow (20-30°:s-1) contractions (Shepstone et al., 2005; Chapman et al.,
2006, 2008). Conversely, Paddon-Jones et al., (2005) found greater damage with
slow (30°:s-1) rather than fast (180°:s-1) eccentric contractions.

Importantly, while muscle damage depends on the muscles activated and sarcomere
length outlined above, there is a general consensus that fast-twitch muscle fibres are
more susceptible to eccentrically induced muscle damage than slow-twitch fibres.
Much of this evidence comes from animal studies (Lieber and Friden, 1993, Vijayan
et al., 2001) and not all studies have drawn similar conclusions (Moens et al.,1993;
Consolino and Brooks, 2004) probably because of methodological difficulties. The
greater tensions generated by fast-twich fibres may make them more susceptible to
muscle damage (Appell et al., 1992). Friden and Lieber (1992) have suggested that
an increase in stiffness in fast-twich fibres early in exercise, because of their low
oxidative capacity and thus increased metabolic stress, leads to a greater liklihood of
muscle damage on subsequent eccentric actions. A contributing factor may be
structural differences between fast- and slow- twitch fibres, where fast- twitch fibres
have narrower z-disks, with less actin and myosin attachments, resulting in weaker
sarcomere structure to begin with (Friden and Lieber, 1992). Choi and Widrick (2010)
recently found that fibres coexpressing type IIa and IIx isoforms showed
exaggerated susceptibility to muscle damage and that this susceptibility was directly
related to the amount of the type IIx isoform expressed in the hybrid fibre, confirming
that susceptibiity of the cytoskeleton to eccentric muscle damage differs between
fibre types.

Finally, prior exposure to eccentric exercise resulting in muscle damage and reduced
muscle function, reduces the degree of damage experienced following a subsequent
bout of similar exercise performed within several weeks. This is known as the
Repeated Bout Effect (RBE) (McHugh, 2003) and has been observed following
eccentric loading of the elbow flexors (Howatson et al., 2007), knee extensors
(Kamandulis et al., 2010) and drop jumping (Bridgeman et al., 2017) and may be a
result of neuromuscular adaptations, muscle-tendon behaviours, extracellular matrix
remodelling or a modified inflammatory response (Hyldahl et al., 2017).
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2.4.2 Metabolic stress
There appears to be no clear consensus on the definition of metabolic stress but for
the most part it is recognised as occurring during exercise when energy is low,
leading to an accumulation of lactate, inorganic phosphate and hydrogen ions,
impacting hormonal release, inflammation and the production of reactive oxygen
species (de Freitas et al., 2017). The increased ATP hydrolysis and glycolytic flux
during exercise leads to a metabolic disturbance including increased AMP and
metabolites, and possible hypoxia, and increased ROS, triggering the activation of
processes leading to mitochondrial biogenesis (de Freitas et al., 2017). Such stress
has been observed with resistance exercise and may play a key role in maximising
adaptation (Schoenfeld, 2013). Sprint cycling (Kristoffersen et al., 2018), cycling
(Decroix et al., 2017), and combined resistance and cycling sessions (Bessa et al.,
2016) have also been shown to induce metabolic stress, though not all markers
increase in all exercise circumstances (Spanidis et al., 2017). The impact of
metabolic stress on muscle damage, inflammation and oxidative damage is
discussed in the next sections.

2.4.3 Autogenic phase
Muscle contraction is triggered by a transient increase in intracellular Ca 2+
concentration ([Ca2+] i), from resting a concentration under 100nM (Armstrong et al.,
1991), which facilitates the development of tension. In non-fatigued, non-damaged
muscle [Ca2+] i decreases as the muscle relaxes, through the action of specialised
membrane pumps, thus maintaining cytoplasmic Ca2+ at around 10-7M (Carafoli,
2004). Following eccentric muscle actions in mice and rats, [Ca2+] i has been
observed to increase 1.5-3 times resting values (Duan et al., 1990; Gissel and
Clausen, 1999; Lynch et al., 1997; Sonobe et al., 2008). High Ca2+ concentration
within the muscle has been associated with cell dysfunction and necrosis. As a
result, it has been proposed that Ca2+ is a mediator of exercise-induced myocyte
damage and subsequent remodelling following eccentric exercise (Armstrong, 1990).
Increases in [Ca2+] i have been observed following isolated eccentric actions
(Armstrong et al., 1983), downhill running (Duan et al., 1990; Lynch et al, 1997),
isometric contractions (Gissel and Clausen, 1999; Mikkelsen et al., 2004) and
prolonged running (Overgaard et al., 2002, 2004), and is thus a consequence of both
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mechanical and metabolic stress. An increase in [Ca2+] i may be due to a number of
reasons (for review see Allen et al., 2005; Kano et al., 2012). Firstly, damage to the
sarcolemma of the muscle cell because of the mechanical nature of eccentric
exercise would allow an influx of Ca2+ from extracellular spaces, where [Ca2+] is
≥10,000-fold greater than [Ca2+] i (Sonobe et al., 2008), due to increased membrane
permeability (Armstrong et al., 1991; McNeil and Khakee, 1992; Gissel, 2000; Allen
et al., 2005). Evidence of membrane damage immediately following eccentric
exercise has been reported (McNeil and Khakee, 1992; Takekura et al., 2001; Hamer
et al., 2002) supporting this hypothesis.

Secondly, damage to the SR following eccentric exercise would result in increased
leakage of Ca2+ from the SR contributing to the increased [Ca2+] i observed (Yasuda
et al., 1997; McNeil and Khakee, 1992; Takekura et al., 2001; Gissel and Clausen,
2001).
Thirdly, an inability of the SR to reuptake Ca2+ would prolong [Ca2+] i .Reduced SR
Ca2+-ATPase pump activity would negatively affect the muscle’s capacity to buffer
changes in [Ca2+] i (Belcastro et al., 1981; Carroll et al., 1999). Reduced functioning
of the SR Ca2+-ATPase pump may be because of over activity during exercise
resulting in conformational changes in the binding sites of the SR Ca2+-ATPase and
subsequent degredation by proteolytic enzymes (Belcastro et al., 1981). Reactive
Oxygen Species produced as a consequence of both mechanical and metabolic
stress have also been implicated in reduced SR Ca2+-ATPase activity (Favero et al.,
1998).

Finally, it is postulated that mechanical strain on the muscle fibres during eccentric
exercise involves stretch activated channels (SACs) in the sarcolemma resulting in
increased influx of Ca2+ into the cell (Lieber et al., 1996). Blocking these channels
has resulted in a reduced increase in [Ca2+] i highlighting their role in elevated [Ca2+] i
(Yeung et al., 2003; Yeung and Allen, 2004; Sonobe et al., 2008). It is possible that
initial damage to the cytoskeleton of the cell influences opening of SACs (Allen et al.,
2005) though a full understanding of this mechanism is elusive.
The increase in [Ca2+] i observed is seen as a key event in the progression of muscle
damage. The initial increase in [Ca2+] i as a result of membrane and/or SR damage or
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activation of SACs leads to the activation of proteolytic enzymes such as calpain,
resulting in further damage to the sarcolemma and sarcoplasmic reticulum and
further accumulation of Ca2+. This has been termed a ‘viscious cyle of cell
degredation’ (Gissel and Clausen, 2001).

Calpain
Protein degredation during exercise has been linked to both lysosomal and nonlysosomal proteases (Belcastro et al., 1998). While it has been found that prolonged
exercise causes an increase in lysosomal proteases such as cathepsins (Salminen
and Vihko, 1981), the extent of their contribution to protein degradation is likely to be
small (Kasperek and Snider, 1989) and non-lysosomal proteases such as calpains
are of greater significance in terms of myofibrillar degredation following exercise
(Belcastro et al., 1998).
High Ca2+ concentration, as mentioned in the previous section, activate calpain, or
calcium activated neutral protease (CANP, Croall and Demartino, 1991), a Ca 2+sensitive protesase which has been shown to degrade proteins. Calpains are found
throughout the muscle cell (Belcastro et al., 1998) with concentration at the z-disk
(Spencer and Tidball, 1992), smaller amounts in the I-Band and a little in the A-band
(Goll et al., 2003). There are three identified isosymes of calpain, differing in the
amount of Ca2+ required for activation; µ-calpain requiring low (µM) concentration of
Ca2+ and m-calpain requiring high (mM) concentration of Ca2+ (Belcastro et al.,
1998), sometimes referred to as ‘ubiquitous’ or ‘typical’ calpains (Goll et al., 2003).
The third calpain, n-calpain (p94, calpain-3) has been identified as being muscle
specific (Spencer et al., 1995; Sorimachi et al., 1997) and linked to proteolytic activity
in the cytosol (Sorimachi et al., 1990). Given that µ-calpain and m-calpain are not
activated under normal physiological conditions, suggests that perhaps calpain-3
may have a significant role to play in muscle damage (Branca et al., 1999).
Furthermore, and of relevance to this study, Murphy et al., (2007) found that
eccentric exercise is the only physiological circumstance shown to result in the invivo actiation of calpain-3, probably resulting from prolonged exposure to Ca2+ rather
than the lengthening contractions themselves (Murphy and Lamb, 2009).

The role of the calpain system in muscle is in the remodelling of cytoskeletal proteins
(Croall and Demartino, 1991; Goll et al., 2003). The exact role of calpains is difficult
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to study as their response to Ca2+ results in almost immediate autolysis (Goll et al.,
2003). It it thought that damaged skeletal proteins can be disassembled by calpains
to prepare for restoration of the cytoskeleton (Mellgren et al., 2007) via the
involvement of the calcium binding proteins dysferlin and mini-dysferlin C72 (Lek et al.,
2013) and the participation of other proteases in the ubiquitine system (Goll et al.,
2003; Raastad et al., 2010).

Animal studies investigating muscle damage following eccentric exercise have
reported increased calcium, with subsequent increases in calpain activity related to
loss of structural proteins (Belcastro et al., 1993; Arthur et al., 1994; Raj et al., 1998;
Zhang et al., 2008; Kanzaki et al., 2010; Kanzaki et al., 2014). Furthermore Zhang et
al., (2008) and Salazar et al., (2010) showed that inhibition of calpain activity
minimises cytoskeleton damage after eccentric exercise. Studies with humans have
also demonstrated increases in calpain activity following eccentric isokinetic exercise
(Feasson et al., 2002; Murphy et al., 2007; Raastad et al., 2010) and eccentric
stepping (Vissing et al., 2008) with a substantial portion of calpain-3, not µ-calpain,
activated after such eccentric exericse (Murphy, 2009).

The role of calpain in the regulation of protein breakdown following non-eccentric
exercise is not well documented. A number of animal studies have demonstrated an
increase in calpain activity following endurance running (Belcastro, 1993; Arthur et
al., 1999). However, it has also been shown that calpain-2 increased following 60min
of cycling in humans (Harber et al., 2010) and thus is relevant in the context of this
thesis. The increase in calpain following non-eccentric exercise is likely to be as a
result of elevated Ca2+ consequential to increased ROS (Powers and Jackson, 2008).
Calpain activity is regulated by the binding of Ca2+ to specific sites on the calpain
molecule, with the Ca2+ required for autolysis only slightly higher than that required
for proteolytic activity (Belcastro et al., 1998). Increased concentration of [Ca2+] i
resulting from muscle damage activate calpain, resulting in degredation of cell
proteins. While investigations have found that calpains degrade actin and myosin
very slowly, if at all (Goll et al., 2003), others have shown that calpain rapidly cleaves
talin, vincluin and filamin (Goll et al., 2003), and the intermediate filament proteins
such as desmin and dystrophin (Zhang et al., 2008). Titin and nebulin (Verburg et al.,
2005; Zhang et al., 2008) are quickly broken down close to the z-disk releasing
proteins from the z-disk and resulting in loss of z-disk form. Tropomyosin, troponin I
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and troponin T are also rapidly degraded (Goll et al., 2002). Calpain is also key in the
appearance of neutrophils in the muscle via activation of cytokines (Belcastro et al.,
1998).

Ubiquitin-proteasome pathway
The vast majority of intracellular proteins are degraded by the ubiquitin-proteasome
pathway (Lecker et al., 2006), including the degradation of myofibrillar proteins in
skeletal muscle (Jagoe and Goldberg, 2001). As the ubiquitin-proteasome
degradation system cannot degrade intact myofibrils (Jagoe and Goldberg, 2001),
the initial disruption is initiated by calpain activity, as described above.
Following this initial breakdown by calpains, proteins to be degraded are linked by
enzymes to the 26S proteasome that degrades the proteins to small peptides, thus
resulting in the rapid removal of proteins (Reid, 2005). The process by which
ubiquitin (Ub) attaches to a protein is ubiquitination (Taillandier et al., (2004)). The
initial step in this degredation process is the activation of Ub by the Ub-activating
enzyme E1. Once activated, Ub is transferred to the Ub-conjugating enzyme, E2, a
small Ub carrier protein. E3s then anchor Ub to the target protein, in effect creating a
scaffold between the E2 and the target protein (Lecker et al., 2006). This process is
repeated until a minimum of 4 Ub units are attached to the target protein (Murton et
al., 2008) which is then a signal for degradation (Taillandier et al., 2004). A key E3 in
this process is muscle ring finger-1 (MuRF-1). The actual degredation of the target
protein is carried out by the 26S proteasome which is a barrel-shaped 20S
proteasome comprised of 4 stacked hollow rings, with a 19S regulatory particle at
either or both of its ends (Voges et al., 2000). The polyubiquitin chain binds to the
19S component and is unfolded which allows its entry to the 20S proteasome central
chamber (Benaroudj et al., 2003). It is here that the poypeptide is cleaved into small
peptides which are then released by the proteasome. In the cytosol they are quickly
digested into amino acids which can be reutilised to synthesise new proteins (Lecker
et al., 2006).

Evidence for the activtiy of the Ub-P degradation pathway following eccentric
exercise comes from a number of investigations observing increased protein
expression of free Ub and components of the 20S proteasome following eccentric
exercise, with increased Ub conjugated proteins 48h post-exercise (Thompson and
Scordilis, 1994; Stupka et al., 2001; Willoughby et al., 2003a; Willoughby et al.,
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2003b). These investigations suggest the importance of the Ub-P pathway in the
initiation of skeletal muscle myofilament remodelling following exercise (Murton et al.,
2008). Evidence of activation of the Ub-P pathway following other exercise modes is
limited, though Sandri et al., (1995, 1997) reported increased Ub in the muscles of
mice after approximately 16h of spontaneous running and increased proteasome
activity has been noted during ultraendurance running (Kim et al., 2011; Jamart et al.,
2012). While evidence from varied exercise modes in humans is lacking, it seems
that eccentric exercise produces the largest increases in ubiquitin conjugation to
muscle proteins (Reid, 2005).

Lysosomal and PLA2 pathways
Myofibrillar proteins can also be degraded by proteases found in lysosomes
(Armstrong, 1990). Filamin C, a protein located at the z-disk has been has been
identified as a target of lysosomal proteases (Schiaffino et al., 2013). Alternatively,
this pathway may be responsible for the degredation of other cellular components
such as mitochondria (Lecker et al., 2006) or membrane proteins (Tipton et al.,
2018). Increased intracellular calcium can activate phospholipases (PLA), including
PLA2 which has a calcium binding site (Armstrong, 1990). This is of significance as
activation of PLA2, which is located in the sarcolemma, may result in the degredation
of membrane phospholipids (Jackson et al., 1984), leading to increased sarcolemma
permeability (Gissel and Clausen, 2001). This would not only result in the leakage of
cell contents into the extracellular environment and circulation, but also allows for the
possibility of Ca2+ to enter the cell triggering further degradation (Armstrong, 1990).

Oxidative stress
Oxidative stress is defined as ‘an imbalance between oxidants and antioxidants in
favour of the oxidants, leading to a disruption of redox signalling and control and/or
molecular damage’ (Sies and Jones, 2007). Oxidative stress typically results from
increased production of Reactive Oxygen Species (ROS) and Nitric Oxide (NO)
which can happen during and after exercise and/or from reduced concentrations of
antioxidants such as essential vitamins (Gohil et al., 1986). Free radicals are reactive
molecules with one or more unpaired electrons in the valence shells (Sen, 2001) and
are capable of independent existence (Powers and Jackson, 2008). The main free
radicals produced in cells are superoxide (O2●-), generated through incomplete
reduction of oxygen or as a product of enzymatic systems and nitric oxide which is
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generated by a series of enzymes (Powers and Jackson, 2008), but also peroxide
and the hydroxyl radicals, singlet oxygen and hypochlorous acid (Steinbacher and
Eckl, 2015). When these atoms have no unpaired electrons in their outer shell, they
have a strong attraction for electrons; the attraction is considerably greater when
there is an unpaired electron (Buresh and Berg, 2015).

Superoxide is produced by the addition of a single electron to ground state oxygen
(Powers et al., 2011). It is a commonly produced radical in mitochondria and because
of a relatively long half-life, superoxide has a great number of targets in the cell
(Powers and Jackson, 2008). It is the precursor to many other ROS that can result in
cellular damage. Dismutation of superoxide by manganese superoxide dismutase
(MnSOD) results in its partial neutralisation through the formation of hydrogen
peroxide (H2O2) (Powers and Jackson, 2008; Buresh and Berg, 2015). Hydrogen
peroxide, also produced by a number of enzymes (Powers and Jackson, 2008), does
not oxidise lipids or DNA directly as it does not have an unpaired electron, but
generates hydroxyl radicals (OH) through the Fenton reaction and thus, is still
considered a ROS by some (Buresh and Berg, 2015). The stability of hydrogen
peroxide means that it can serve as a signal as to the redox state of the muscle
(Buresh and Berg, 2015). Hydroxyl radicals are highly reactive and have a damaging
effect on molecules near where they are produced (Powers and Jackson, 2008),
initiating lipid peroxidation, stealing a H and forming a carbon centred lipid radical.
Nitric oxide, produced from l-arginine (Powers and Jackson, 2008) reacts very quickly
with superoxide to produce peroxynitrate, which damages DNA and proteins (Powers
and Jackson, 2008).

Lipid peroxidation and protein oxidation
The lipid bilayer of the cell membrane is made up of lipids, including polyunsaturated
fatty acids, and protein (Powers and Jackson, 2008). Lipid peroxidation is initiated by
hydroxyl radicals with the polyunsaturated fatty acids being a target for the removal
of a hydrogen atom as their double bonds are more susceptible for oxidation
(Halliwell and Chirico, 1993) which leads to more ROS being produced and further
damage, the ‘chain reaction’ typically described in the literature (Urso and Clarkson,
2003). Lipid peroxidation of the membrane means that proteins in the membrane are
attacked more easily, which impairs membrane function (Powers and Jackson,
2008). ROS production may also lead to protein oxidation of contractile proteins such
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as nebulin, titin, myosin and troponin thus leading to reduced contractile function
(Steinbacher and Eckl, 2015). Furthermore, ROS readily react with all types of
biological molecules and thus cause damage to many cellular and extracellular
constituents, including DNA, proteins and lipids (Brieger et al., 2012).

Oxidative stress and exercise
Increases in oxidative stress have been observed following isometric exercise
(Alessio et al, 1999) sprinting (Marzatico et al., 1997) and endurance exercise
(Marzatico et al., 1997; Dufaux et al., 1997; Child et al., 2000), suggesting that
increased oxygen consumption is not the sole mechanism for oxidative stress
following exercise (Alessio et al., 1999). An increased level of ROS has been linked
to decreased muscular force (Reid et al., 1993) and to muscular fatigue, perhaps by
modifying SR calcium handling, or influencing myofilament structure and function
through influencing the calcium sensitivity of myofilaments (Powers et al., 2011).
Oxidative stress may also activate the ubiquitin pathway, thus increasing structural
damage to contractile proteins. All of these outcomes would be significant for athletes
involved in regular training and competition.

Oxidant production in muscle
The level of ROS produced in muscle is dependent on the nature of exercise, i.e.
whether the exercise is primarily aerobic or anaerobic, intensity, duration, volume of
oxygen consumption and degree of mechanical stress (Fisher-Wellman and Bloomer,
2009).

Mitochondria have historically been considered the main source of ROS in skeletal
muscle, with superoxide produced in complexes I (NADH dehydrogenase) and III
(coenzyme Q and cytochrome C oxidoreductase) of the electron transport chain
(Muller et al., 2004) as a result of elevated oxygen consumption during exercise to
meet increased energy demands (Vollaard et al., 2005). The ‘leak’ in the respiratory
chain has been considered to be the most significant source of ROS (Vollaard et al.,
2005; Sachdev and Davies, 2008). It has been suggested that 2-5% of mitochondrial
oxygen consumption undergoes reduction subsequently generating superoxide
(Boveris et al., 1972; Urso and Clarkson, 2003; Muller et al., 2004), though
contrasting research has estimated that less than 0.15% of oxygen consumed
actually generates superoxide (St-Pierre et al., 2002), suggesting that mitochondria
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are not the main source of ROS generation during exercise (Vollaard et al., 2005;
Jackson et al., 2007; Powers et al., 2011).

ROS may also be generated from the transfer of electrons from nicotinamide adenine
dinucleotide phosphate (NADPH) to oxygen by NADPH oxidases (NOXs) (Powers et
al., 2011), increased phospholipase A2 (PLA2) activity (Powers et al., 2011;
Steinbacher and Eckl, 2015), mitochondrial membrane-bound glycerol 3-phosphate
dehydrogenase (mGPDH), increased production of xanthine oxidase (GomezCabrera et al., 2010; Vollaard et al., 2005; Judge and Dodd, 2004) and neutrophil
burst (Powers and Jackson, 2008). It is likely that several mechanisms together may
result in the generation of ROS during exercise, or that different forms of exercise
involve different mechanisms of generation (Vollaard et al., 2005).

Effects of ROS on muscle
When muscle is in an unfatigued state, ROS are essential for the generation of force
(Steinbacher and Eckl, 2015). Chronic increases in ROS with moderate exercise
intensities play a part in muscular training adaptations. However, a single bout of
intense exercise results in oxidative damage which can result in muscle contractile
dysfunction and fatigue (Vollard et al., 2005, Powers et al., 2011). Reid et al., (1993)
proposed a model to explain the effects of redox balance on muscle force production.
This model identifies that there is an optimal redox state that produces maximal force
production; an increase in ROS or decrease in antioxidants results in a reduced
production of force. Research on mice has found that exposure to low concentration
of H2O2 resulted in a 27% increase in force production, while longer exposure
resulted in a decrease in force production (Andrade et al., 1998).
ROS oxidation of the ryanodine receptor (RyR), the Ca2+ release channel of the
sarcoplasmic reticulum, may lead to muscle fatigue (Cherednichenko et al., 2004).
Animal research has suggested that exposure of the sacoplasmic reticulum to ROS
may increase (Anzai et al., 2000) or decrease (Posterino et al., 2003) calcium
release, may reduce calcium reuptake (Powers and Jackson, 2008), but has no
effect on excitation-contraction coupling (Posterino et al., 2003). It is also possible
that ROS has an effect on the functioning of myofilaments. While mechanisms are as
yet unclear, it is possible that ROS may affect troponin I (Steinbacher and Eckl,
2015), troponin C (Kaneko et al., 1992), myosin heavy chain proteins (Coirault et al.,
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2007), or the S1 fragment of the myosin head (Steinbacher and Eckl, 2015), thus
affecting muscle contractility. ROS may also result in protein degradation of titin,
nebulin, troponin and myosin, through the activation of MuRF1 (Muscle Really
interesting new gene Finger protein 1), which would affect muscle contraction
(Steinbacher and Eckl, 2015). Finally, an increase in ROS may inhibit Ca2+-ATPase
activity which would lead to a decrease in the removal of Ca2+ from the cell. This
increase in cellular Ca2+ would amplify calpain activity and result in damage to
muscle proteins (Kourie, 1998).

Measurement of oxidative stress
Because of the short half-life of ROS (10-5s for superoxide and 10-9s for hydroxyl
radical), it is very difficult to measure ROS directly (Powers and Jackson, 2008;
Fisher-Wellman and Bloomer, 2009). Indirect assessment of oxidative stress is
possible via the measurement of molecular products that are produced as a result of
ROS reactions because of their greater stability (Fisher-Wellman and Bloomer,
2009). These include products of lipid peroxidation such as isoprostanes, lipid
hydroperoxides, malondialdehyde (MDA), thiobarbituric acid reactive substances
(TBARS), products of protein oxidation including protein carbonyls, individual
oxidised amino acids, and oxidised DNA bases. The investigations in this thesis
measured protein carbonyls (PC) and lipid hydroperoxides (LOOH) and the
glutathione:oxidised glutathione ratio (GSH:GSSG).

Because proteins are a major target for ROS, measurement of PC is a commonly
used method for measuring protein oxidation in relation to exercise. PC are an
indirect by-product of oxidative stress and are advantageous as a marker of stress
due to their early formation in the process and their subsequent stability (DalleDonne et al., 2003). Protein oxidation can lead to degradation of enzymes and
contractile or structural protein damage (Levine and Stadtman, 2001). They have
been utilised to determine the degree of post-exercise oxidative stress in a number of
investigations (Bowtell et al., 2011; Howatson et al., 2010). However, it is argued
that PC has limited use as a marker due to interference with oxidation products of
lipids and carbohydrates (Griffiths, 2000).

Determination of lipid hydroperoxides (LOOH) is considered a suitable measure of
lipid peroxidation and quantification is reliably determined using the FOX 1 method
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(Ferrous Oxidation of Xylenol orange 1). There is limited concentration of these
molecules in cells, even during oxidative stress, making the measurement difficult
(Powers and Jackson, 2008).

Many investigations measure antioxidant enzyme activity, including superoxide
dismutase (SOD), glutathione peroxidise (GPx) and catalase (CAT) though
responses to exercise are very varied (Aguilo et al., 2000; Rokitzki et al., 1994) and
these measures were thus not selected for the investigations in this thesis. It is also
possible to measure alterations of the antioxidant defence system. Changes in
circulating concentration of vitamin E and vitamin C can be used as an indicator of
antioxidant activity and thus, the level of oxidative stress experienced (FisherWellman and Bloomer, 2009). However, Study 2 in this thesis measured the
GSH:GSSG ratio. Glutathione (GSH), is a major non-enzymatic antioxidant, a
decrease in which (with a concomitant increase in oxidised glutathione (GSSH)) is an
indicator of oxidative stress (Fisher-Wellman and Bloomer, 2009). Changes in GSH,
or the GSH:GSSH ratio (decrease) is commonly used as an oxidative stress marker
(Urso and Clarkson, 2003), and an indicator of cellular redox balance (Powers and
Jackson, 2008).

Overall, a greater picture of the level of oxidative stress can be elucidated with more
than one measure (Powers and Jackson, 2008). Even so, it is relevant that plasma
measures of these markers are not necessarily fully representative of the state of
stress in the muscle cell.

Cytokines and inflammation
Degeneration and regeneration of muscle tissue following exercise involves the
immune system (Peake et al., 2005; Tidball, 2005). Animal studies indicate a
relationship between eccentric exercise and inflammation (Tomiya et al., 2004; Pizza
et al., 2005) though results from human investigations are less conclusive, with many
indicating that muscle soreness and other markers of muscle damage can be
experienced without any signs of inflammation (Malm et al., 2000; Malm et al., 2004).
Furthermore, in human studies, the mode of exercise (resistance exercise, downhill
running, maximal eccentric exercise) influences the degree of leucocyte
accumulation in the exercised muscle (Paulsen et al., 2012), with results further
confounded by exercise intensity (Nieman et al., 2012), amount of muscle mass
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recruited during exercise (Peake et al., 2005) and individual variation (Nieman et al.,
2012; Paulsen et al., 2012).

Leukocyte infiltration commences immediately after exercise, with increases
observed following both aerobic exercise (Tvede et al., 1989) and resistance
exercise (Simonson and Jackson, 2004). The appearance of neutrophils in the
muscle is noted within hours post-exercise and they remain for up to 24h (Beaton et
al., 2002; Malm et al., 2000) as they release agents that aid in the digestion of
adjacent dead tissue cells (Smith, 1991). Neutrophils may exacerbate the damage to
myofibrils but could also facilitate recovery of muscle tissue (Pizza et al., 2005). They
are phagocytic, but also may release proteases that can degrade debris that has
resulted from muscle damage (Tidball, 2005). However, Pizza et al., (2005)
demonstrated the destructive effect of neutrophils in mice following lengthening
contractions and concluded that neutrophils exacerbate damage and impair the
restoration of muscle structure and function following such exercise. This is thought
to either be by direct damage to myofibres or via the release of cytokines which can
lead to further damage (Pizza et al., 2005).

Macrophages are typically detected 24-48h post-exercise and may still be present up
to 14 days later as they dispose of necrotic tissue (Beaton et al., 2002; Fielding et al.,
1993; Hamada et al., 2005). As mentioned, numerous investigations refute a
relationship between muscle damage and inflammation due to the lack of neutrophils
but also macrophage infiltration during the post-exercise period both in rats
(Armstrong et al., 1983) and humans (Schwane et al., 1983; Bobbert et al., 1986;
Friden et al., 1983). Both neutrophils and macrophages may produce proinflammatory cytokines (Peake et al., 2005). It has been suggested that
macrophages play the most crucial role in the repair process (Kharraz et al., 2013),
infiltrating the damaged area to phagacytose myofiber debris, and it is possible that
macrophages directly promote muscle repair (Tidball, 2005). Whatever the specific
role, the influence of macrophages is complex given that they are a source of
cytokines and free radicals (Tidball, 2005).

Cytokines are proteins involved in the regulation of immune and inflammatory
responses (Kanda et al., 2013). They are termed ‘messenger molecules’ and
strenuous exercise stimulates an increase in the concentration of circulating
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cytokines (Paulsen et al., 2012; Sugama et al., 2012). Tumor Necrosis factor-α (TNFα), interleukin 1-β (IL-1β) and interleukin-6 (IL-6) are the cytokines most often
measured following muscle damage with the production of IL-6 resulting from
increased concentration of TNF-α and IL-1β (Miles et al., 2008). IL-6 is produced in
larger amounts (up to 100-fold) than any other cytokine in response to exercise
(Fischer, 2006). It has been shown to increase following varying forms of exercise
(Ostrowski et al., 1999; Peake et al., 2005a; Buford et al., 2009; Philippou et al.,
2009; Nieman et al., 2003; Philippou et al., 2009; Nieman et al., 2012) and has been
identified as being involved in muscle damage (Bruunsgaard et al., 1997). IL-6 may
be directly involved in increased protein degradation following exercise but it also
induces the proliferation of satellite cells resulting in muscle regeneration (Cantini et
al., 1995). Tomiya et al., (2004) reported a relationship between IL-6 and muscle
damage in mice, detecting IL-6 in the cytoplasm until 12h post-exercise and
subsequently in the inflammatory cells and satellite cells. C-reactive protein (CRP),
an often-used marker of inflammation, is an inflammatory protein produced in the
liver in response to increases in IL-6 and other inflammatory mediators (Edward,
2005) and is an indicator of an acute-phase, systemic inflammatory response
(Kerasioti et al., 2013). It is frequently used as a measure of post-exercise
inflammation (Dousset et al., 2007; Chatzinikolaou et al., 2010) indicating that IL-6
produced at the tissue level is resulting in an acute-phase, systemic inflammatory
response (Kerasioti et al., 2013). It is possible that exercise intensity, and not
eccentric loading, may be the most influencing factor in relation to increases in
cytokines. Indicative of this, Peake et al., (2005b) found greater increases in
inflammatory cytokines following high-intensity running compared to downhill running,
though the participants in this study were trained runners. Untrained athletes are
likely to experience a greater cytokine response to unaccustomed downhill running
(Peake et al., 2005b). Nieman et al., (2012) investigated the inflammatory response
to 1.75h at 60% wattsmax, followed by a 10km time trial and reported the greatest
increases in cytokines in the athletes cycling at the highest intensity over the full
protocol, regardless of body composition, fitness or training volume. Malm and Yu
(2012) found no indication of inflammation following 45 min of downhill running.
Nevertheless, greater increases in IL-6, IL-8, IL-10 and CRP have recently been
observed following similar workloads of running compared to cycling suggesting the
influence of eccentric loading on the inflammatory response (Nieman et al., 2014).
Given the aforementioned disparate results, it is possible that even when increases
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in serum cytokines are not observed, they may act at a localised tissue level (Pyne et
al., 1984).

Dousset et al., (2007) noted increased CRP following a series of drop jumps in a
sitting position on a sledge apparatus, with peak CRP occuring at the same time as
peak CK (48h post exercise). In contrast, an earlier peak in CRP (and IL-6 and IL-1
β) was noted following intense plyometric jumping (Chatzinikolaou et al., 2010). To
further confound the exercise-cytokine relationship, Bessa et al., (2016) reported a
50% increase in leukocytes (70% increase in circulating neutrophils) 3h following an
exercise protocol that involved 6 sets of squats and bench press, followed by 1h of
cycling, but found no increase in TNF-α, IL-6 or CRP. The authors suggested that the
results observed may be indicative of a localized, rather than systemic inflammatory
response. Similar results were reported (31% increase in leukocyte count; 44%
increase in circulating neutrophils, with no increases in cytokines) following single-leg
calf raises in untrained males (Kanda et al., 2013).

2.4.4 Markers of exercise stress
Direct markers of mechanical stress can be identified using electron microscopy or
muscle biopsy techniques and are discussed in the following section. However, for
validity and practical reasons many researchers have focused on indirect markers of
stress which can reflect both initial structural damage and the secondary phase of
damage. These include measures of muscle function, soreness and serum
indicators. The inherent difficulty in the utilisation of these markers is the variation in
the time-frame of the manifestation of these markers and thus the lack of correlation
between them (Clarkson and Hubal, 2002).

Evidence of structural damage
Measures of muscle damage are generally conducted using light or electron
microscopy on muscle biopsy samples and most evidence arises from studies of
eccentrically biased exercise. The first evidence of structural damage following
eccentric exercise was reported by Friden et al., (1981). Muscle biopsies taken from
human muscle following repeated running down flights of stairs showed no tissue
necrosis but considerable disturbance to the Z-band, including broadening, streaming
and in some places, total disruption. Similar morphological changes have been
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reported in other studies following electrically stimulated isometric muscle
contractions in humans (Mackey et al., 2008) and eccentric exercise in animals and
humans, including widening of the Z-lines (Hortobágyi et al., 1998), disruption of
normal striation (Armstrong et al., 1983; McCully and Faulkner, 1985; Appell et al.,
1992; Friden and Lieber, 1998), focal disruptions of the A-band (Ogilvie et al., 1985;
Friden and Lieber, 1998) and extensive sarcomere disruption (Newham et al., 1983;
Lauritzen et al., 2009), with initial damage evident immediately post-exercise (Friden
et al., 1983) and further damage evident 1-3 days after the exercise (Newham et al.,
1983; Friden and Lieber, 1992; Clarkson and Sayers, 1999). It has been suggested
that the z-disk is the weakest link in myofibrillar contraction (Friden et al., 1981;
Friden et al., 1988) thus, localising the damage to this structure and associated
proteins during repeated eccentric contractions though loss of actin and myosin
heavy chain have also been observed (Ingalls et al., 1998).

Sarcomere disruption may involve the elastic protein, titin (Proske and Morgan,
2001). Damage to the titin lattice of the sarcomere has been observed (Friden and
Lieber, 1998; Trappe et al., 2002).Titin plays an essential role in sarcomere stability
and maintenance (Kontrogianni-Konstantopoulos et al., 2009) and in the reinterdigitation of sarcomeres post stretch (Lieber et al., 2002; KontrogianniKonstantopoulos et al., 2009). Failure of reinterdigitation following eccentric exercise
could be related to titin damage (Morgan and Allen, 1999).

Lieber et al., (1996) reported early loss of the cytoskeleton protein desmin after
30min of eccentric exercise of the rabbit dorsiflexors and showed a linear relationship
between desmin loss and force decreases in the muscle. Animal research
demonstates that lack of desmin results in degeneration and disorganisation of the
cell, with reduced muscle force production and increased fatigue (Lieber et al., 1994;
Milner et al., 1996; Paulin and Li, 2004). Similarly, Barash et al., (2002) observed a
rapid loss of the cytoskeleton protein desmin following repeated eccentric
contractions in rats with a subsequent threefold increase in desmin content 168h post
exercise suggesting the importance of desmin in the remodelling of the IF system
post eccentric exercise. However, a number of investigations, while observing
irregularities in the desmin cytoskeleton post eccentric exercise in humans, found no
loss of desmin (Yu et al., 2002; Yu and Thornell, 2002; Yu et al., 2004; Crameri et al.,
2007) concluding that structural damage and protein losses may follow different
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patterns in animals and humans (Yu et al., 2002), and that desmin alterations reflect
remodelling and adaptation following eccentric exercise (Yu and Thornell, 2002).
More recently, Malm and Yu (2012) utilised proteomics to examine muscle tissue
post-downhill running and reported no tissue necrosis or loss of desmin. Rather, they
recorded increased expression of desmin and actin, suggesting remodelling rather
than tissue degeneration. However, it is possible that the lack of desmin loss
reported was due to the nature of the exercise, which was considerably less extreme
than the repeated eccentric exercise of other studies.

Further conflicting results have been reported on the effect of eccentric exercise on
the integrity of the sarcolemma. A small number of studies have reported minor
damage to the muscle membrane (Stauber et al., 1990; Crenshaw et al., 1993).
However, many have noted no damage (Malm et al., 2000; Yu et al., 2002; Crameri
et al., 2007; Costa et al., 2009; Yu et al., 2013), perhaps reflecting the modes of
exercise utilised in the damage protocol.

Lovering and De Deyne (2004) noted that the loss of the cytoskeleton protein
dystrophin following a single eccentric contraction of the tibialis anterior in rats was
far greater than that of desmin. Dystrophin is a large protein primarily located at the
z-disk and M-line and is important for the transmission of force (Patel and Lieber,
1997), and thus loss of dystrophin may be critical in the loss of muscle force
prodcution after eccentric exercise (Lovering and De Deyne, 2004).

Muscle biopsies require surgical intervention, and are therefore not likely
representative of the whole muscle (Kano et al., 2008; Cermak et al., 2012a), may
overestimate or underestimate actual damage (Clarkson and Hubal, 2002), and may
even induce tissue damage (Malm et al., 2000). Therefore, other techniques have
been used to determine the amount of structural damage present following eccentric
exercise. Numerous investigations found an increase in transverse relaxation time
(T2) measured by magnetic resonance imaging (MRI) following eccentric exercise
(Takahashi et al., 1994; Sorichter et al., 1997; Foley et al., 1999; Jayaraman et al.,
2004; Sesto et al., 2005; Larsen et al., 2007; Kubota et al., 2007; Maeo et al., 2017a,
b). Others have reported changes in fibre geometry with diffusion-tensor magnetic
resonance imaging (DT-MRI), (Cermak et al., 2012a) and MRI measurements
(Sorichter et al.,1997; Cermak et al., 2012a).
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Quantification of structural damage in muscle tissue post-eccentric exercise is difficult
due to influencing factors discussed above and limitations associated with the
representation of muscle biopsies. Animal studies have reported damage as low as
5% in muscle fibres (Armstrong et al., 1993; Barash et al., 2002) and as high as 54%
(Lovering and DeDeyne, 2004), with others finding structural disruption in 25-35% of
fibres (McCully and Faulkner, 1986; Lieber et al., 1996; Lovering et al., 2009).
Studies of human muscle are also mixed, reporting 8% of fibres with very extensive
damage (Newham et al., 1983) and 16-32% with damage (Newham et al., 1983;
Friden et al., 1983). More recently, the extent of damage has been expressed as
disrupted z-bands per fibre (0.075) or disrupted z-bands per area of muscle
measured (2.2/mm2) (Cermak et al., 2012) which is more specific than giving a
percentage value.

Excitation-contraction coupling
A significant indication of damage in skeletal muscle is failure or disruption in
excitation-contraction coupling. Histological evidence for structural damage described
above is associated with deficits in force prodcution. However, such deficits may be
due to an inability to activate contractile proteins because of disruption to the
excitation-contraction coupling process, which may be the primary event in muscle
damage (Warren et al., 2001). Initial evidence for this hypothesis came from Warren
et al., (1993) when he showed that the decrease in maximal isometric tetanic force
post-eccentric exercise in mice could be avoided with caffeine (caffeine releases
Ca2+ from the SR), suggesting that reduced force production resulted from a failure of
E-C coupling at a stage prior to Ca2+ release from the SR. Similar results have been
observed in other studies, though not when the eccentric load was more severe
(Belnave and Allen, 1995) which could suggest that reduced force of muscle
following eccentric exercise may be as a result of interference to both the E-C
coupling system and mechanical damage, with as much as 75% of the force loss due
to E-C failure (Warren et al., 2001). It has been suggested that when sarcomeres are
over-stretched it can result in direct damage to the SR, or in its connections with the
t-tubules, thus resulting in E-C coupling failure (Allen, 2001). Disorder of the t-tubule
network, including an increase in longitudinal segments and changes in direction of
triads has been observed in animal studies following downhill running (Takekura et
al., 2001), with both the SR and t-tubules appearing rounded and grainy posteccentric loading (Friden and Lieber, 1996). Thus, damage and possible sealing off
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of t-tubules, would lead to inactivation of some sarcomeres (Proske and Morgan,
2001). However, it seems more likely that initial sarcomere disruption with
subsequent t-tubule damage, rather than the other way around, may be a more likely
sequence of events (Proske and Morgan, 2001).

Muscle function
In the context of athletic recovery, the assessment of post-exercise muscle function is
of primary relevance and importance. Warren et al., (1999) stated that the
measurement of maximal voluntary contraction torque is the best method for
quantifying muscle damage as it is accurate and reliable. While other measures are
now also commonly used, changes in peak torque are consistently used as indicators
of fatigue and recovery (Delecroix et al., 2017; Ives et al., 2017). A number of
investigations have reported a decrease in maximal isometric voluntary contraction
following exercise with high levels of mechanical stress (Howatson and Milak, 2009;
Howatson et al., 2012; Brown et al., 2015; Marginson et al., 2005), with losses in
strength dependent on the nature and intensity of the exercise performed (Clarkson
and Hubal, 2002) and peak decrements between 24 and 72h (Cleak and Eston,
1992). Decreases in MVIC have also been observed following marathon running
(Clifford et al., 2016; Howatson et al., 2009), an activity associated with high levels of
metabolic stress, though values had returned to baseline 24-48h post-exercise.
Given that exercise rarely involves isolated isometric contraction, other investigators
have examined isokinetic peak torque following eccentric exercise, again reporting
significant reductions lasting at least 48h (Cockburn et al., 2008, 2010, 2012, 2013).
The typically utilised lower-velocity measures are considered more reliable than
faster speeds (Greig et al., 2008) though these are significanly lower than the joint
velocities reported in actual activity (Baltzopoulos and Gleeson, 2001), perhaps
questioning their validity.

Rate of Force Development (RFD) is defined as the slope of the force-time curve
obtained under isometric contractions (Aagaard et al., 2002) and is considered to be
a measure of the ability of the neuromuscular system to generate rapid force at the
start of a contraction (Blazevich et al., 2008). It has been reported as being a more
specific and sensitive marker of eccentrically induced muscle damage than MVC
(Peñailillo et al., 2015). Determinants of RFD include both neural determinants
(motor unit recruitment and discharge rate, muscle activation) and muscle
38

determinants (muscle size and architecture, muscle fibre type and myofibrillar
mechanisms) (Maffiuletti et al., 2016). RFD has been found to decrease following
eccentric exercise, returning to baseline values within 48h (Molina and Denadai,
2012), though no investigations have examined RFD following exercise with greater
metabolic stress.

The dynamic nature of movements in exercise activites has led to the use of jumping
and sprinting, both of which involve the stretch shortening cycle, for the monitoring of
recovery post-exercise. Jumping occurs in many sporting situations and measures of
countermovement jump (CMJ), squat jump (SJ) and drop jump (DJ) have been
shown to be impacted by intense exercise (Byrne and Eston, 2002; Marginson et al.,
2005; Ormsbee et al., 2015), with SJ being more affected than either CMJ or DJ
(Byrne and Eston, 2002). Decreased CMJ performance has also been reported
following metabolic stress induced by running (Clifford et al., 2016). Because the
measurement of CMJ does not take into account the duration of the eccentric and
concentric phase (Cormack et al., 2008), the Reactive Strength Index (RSI) is often
used as a measure of neuromuscular performance due to the increased eccentric
and SSC demand (Hamilton, 2009). RSI is considered to be a reliable representation
of the SSC and the ability to change quickly from an eccentric to a concentric
contraction (Beattie and Flanagan, 2015). RSI, determined from DJ, is also
negatively affected by both mechanical (Cockburn et al., 2012) and metabolic stress
(Clifford et al., 2016) though the magnitude of decrease is greater following
mechanical exercise. It has been reported as the biggest differentiator between fast
and slow team sport athletes across a range of tests (Lockie et al., 2011) with fast
athletes having shorter ground contact times. RSI also correlates with a players
change of direction speed performance (Young et al., 2015). Decreases in RSI
across tournament play in youth soccer players have been observed suggesting its
value as a tool in monitoring fatigue (Hamilton, 2009). Furthermore, RSI is sensitive
to change over a playing season and is more representative of fatigue than
countermovement jump alone in Australian Rules players (Cormack et al., 2008).
20m sprint is considered to be an ecologically valid measurement of sprint ability for
team sport athletes (Nedelec et al., 2012). Few investigations have examined the
effect of metabolic stress on sprint perfomance. Following mechanical stress the
effect on sprint peformance is somewhat mixed, with some reporting no negative
effect (Semark et al., 1999) and others reporting reduced performance (Keane et al.,
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2015; Highton et al., 2009; Twist and Eston, 2005), with performance remaining
below baseline for up to 48h (Twist and Eston, 2005). Variation in recovery time may
be due to differences in the exercise protocols.

Muscle soreness
Muscle soreness is probably the most often reported effect following exercise with
high mechanical stress, peaking 24-48h post-exercise and decreasing towards
baseline in the subsequent 4-6 days (Armstrong, 1990; Tee et al., 2007; Brown et al.,
2015). Soreness is also reported following exercise with high metabolic stress
(Clifford et al., 2016; Howatson et al., 2009) including non-eccentric exercise such as
cycling (Hall et al., 2013; Thomson et al., 2011), though the soreness is usually lower
than those following eccentrically biased exercise. The mechanisms responsible for
increased soreness and tenderness are not fully understood. It has been
hypothesised that soreness is related to inflammatory response as increases in some
inflammatory markers (eg IL-6) have been found alongside increases in muscle
soreness (MacIntryre et al., 1995), though not all have found this (Malm, 2001). Malm
et al., (2004) reported no evidence of inflammation 48h post either uphill or downhill
running, despite increased muscle soreness and serum CK. The authors concluded
that the soreness experienced is confined to immunological reactions in the muscle
epimysium and not in muscle tissue. Any previous investigations reporting this
relationship may have been a result of an inflammatory response consequential to
the muscle biopsy performed rather than the actual exercise protocol. Extrapolating
this further, it has been shown that mechanical hyperalgesia occurs in rat muscle
following eccentric exercise without any increases in markers of muscle damage or
inflammation (Hayashi et al., 2017).

The manifestation of soreness may be exacerbated by increased histamines and
bradykinins that sensitise nocicptors and increase the sensation of pain (Malm,
2001). Furthermore, oedema may exert increased osmotic pressure within the fibres
further sensitising nociceptors (Clarkson and Hubal, 2002; Malm, 2001). Importantly,
muscle soreness does not correlate well with other markers of muscle damage
(Warren et al., 1999) including ultrastructural damage (Nurenberg et al., 1992), which
means that caution should be exerted in using measures of muscle soreness as a
reflection of muscle damage. Still, perceptions of soreness may be reflective of

40

overall athlete wellbeing and psychological readiness for participation in exercise and
thus should form part of the monitoring strategy for athletes.

Serum markers
A number of serum markers are used to assess the degree of muscle damage postexercise, based on the premise that leakage of these proteins into circulation would
not occur if the sarcolemma is not damaged (Lee et al., 2002). This damage may be
as a result of the stress placed on the membrane during the exercise bout, or
perhaps by lipid peroxidation of the membrane by reactive oxygen species produced
during exercise (Powers and Jackson, 2008). The most commonly used serum
marker of muscle damage is creatine kinase (CK). Creatine kinase is the enzyme that
catalyzes the exchange of high-energy phosphate bonds between phosphocreatine
and ADP to form ATP and creatine (Brancaccio et al., 2007). The appearance of CK
in the blood is generally taken to be an indicator of metabolic and/or mechanical
stress within the muscle and the integrity of the cell membrane (Brancaccio et al.,
2007). More specifically, serum CK is an indicator of sarcolemma damage, and
reflects both relative amounts of CK released and the rate of clearance from the
serum (Baird et al., 2012). CK values typically increase within hours of exercise
cessation; the slight delayed response in increase is likely due to the size of the CK
molecule, which is relatively large and does not easily permeate damaged
membranes. Peak CK is usually observed 24-48h following exercise and remain
elevated for 72h, or longer, after the initial exercise bout (Mougios, 2007). Postexercise values can be slightly above normal or be in the tens of thousands IU.L -1
(Baird et al., 2012), depending on the nature and intensity of the exercise (Baird et
al., 2012) and values can remain elevated for several days post-exercise (Russell et
al., 2015; Rodrigues et al., 2010; Malm et al., 2004). Increased CK has been
observed following downhill running (Sorichter et al., 2001), isolated eccentric actions
(Cockburn et al., 2008, 2012), sprinting (Keane et al., 2015), and jumping (Harrison
and Gaffney, 2004) and also following running (Clifford et al., 2016; Howatson et al.,
2010) and cycling (Bell et al., 2014). The increases following the latter, more
metabolic exercise, tend to be smaller, returning to baseline within 24-48h. However,
it is important to be cognisant of the individual variability of the CK response to
exercise (Baird et al., 2012). Genetic factors such as percentage of fast twitch fibres
and permeability of the cell membrane may be highly influential (Wiewelhove et al.,
2015), contributing to the possibility of responders and non-responders (Brancaccio
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et al., 2007). Furthermore, many athletes, because of frequent training, have CK
values that are outside normative values which makes it difficult to accurately
measure change as a result of exercise (Nedelec et al., 2012). Of importance, is the
observation that post-exercise increases in CK do not correspond to post-exercises
losses in muscle function (Johnston et al., 2016; Doeven et al., 2018).

Other serum markers of mechanical stress include myoglobin, which increases
following exercise, peaking as late as 72h post exercise (Cockburn et al., 2013).
sTnI, a potential marker for myofibrillar damage (Sorichter et al., 1997), has not been
utilised as often, probably due to the large post-exercise variability in response. sTnI
is a regulatory protein only expressed in striated skeletal muscle (Sorichter et al.,
1997). Given its absolute skeletal muscle specificity it is considered a marker of
myofibrillar disruption and is a valuable measure during the post-exercise period
(Sorichter et al., 1997). sTnI exists in two isoforms, slow (ssTnI) and fast (fsTnI)
corresponding to slow- and fast- twitch muscles, respectively (Rebalka and Hawke,
2014). Increases in sTnI have been reported following downhill treadmill running
(Sorichter et al., 2001; Mickleborough et al., 2015) and eccentric exercise of the
elbow flexors (Chapman et al., 2013). Furthermore, sTnI increases are greater with
eccentric exercise compared to concentric exercise (Willoughby et al., 2003c).
In conclusion, the most insightful approach to athletic recovery is likely to provide a
range of markers reflecting all aspects of the recovery process, including biochemical
measures, measures of muscle function, and perceptual measures of recovery.

2.5

Mixed Mechanical and Metabolic Stress – Focus on Team Sport

Previous sections have focused on the processes involved in mechanical and
metabolic exercise. However, a key aspect of this thesis is team sport, and all
participants were drawn from team sport populations. Multi-sprint sports such as
Gaelic football, camogie, rugby, hockey and soccer are prolonged in nature, are
characterised by periods of high-intensity work interspersed with periods of lowintensity effort or rest and include numerous accelerations, decelerations and
jumping. They are known to result in substrate depletion, muscle damage, oxidative
stress, inflammation and fatigue (Ascensao et al., 2008; Magalhaes, 2010), thus,
inducing both metabolic and mechanical stress. The purpose of this section is to
review the demands of team sports to give context to the nature and specificity of
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recovery and post-exercise nutritional intervention, with reference to female athletes
where possible. The majority of participants in the investigations of this thesis were
drawn from the sports of Gaelic football and camogie, with smaller numbers from
soccer and rugby union. The vast amount of research in team sport originates from
investigation in soccer which provides a foundation for our understanding of the
demands of other team sports.

2.5.1 Team sports
Despite their popularity and playing numbers there is a dearth of research into Gaelic
games. The physiological demands of camogie have never been investigated,
though may be similar to hurling. Reilly (2000) considered the demands of hurling to
be comparable to those of Gaelic football, though the greater distance the ball can be
struck results in play changing more quickly from end to end. Analysis of hurling
indicates that the ball is in play 28-32min of a 70min match (Young, 2003; Rochford,
2004) with 65% of players’ time spent walking, jogging and 15% running and
sprinting. Specific intense activity bouts last 5-82s in hurling (Young, 2003) which is
shorter than the 2-136s in Gaelic football (Hennessy, 2006), probably due to the
speed in which the ball is released in hurling. In hurling, 70% of accelerations are
under 10steps (<15m) (Young, 2002). Data on female Gaelic games is sparse,
though McErlean et al’s (1998) study of ladies Gaelic football suggests that female
players spend more time standing still and less time in high-intensity running than
males. With advances in time-motion methods, a number of investigations have
recently been conducted to explore the running patterns in men’s Gaelic football.
Distance covered is reported as 8160-9222m (Malone et al., 2016a, 2016b; Malone
et al., 2017a), with 1731m of high-intensity effort and 445-524m of sprinting (Malone
et al., 2016a; Ryan et al., 2017). This is slightly lower than soccer (Bangso et al.,
2006) and Australian Rules football (Burgess et al., 2006) but is similar to hockey,
(Gabbett et al., 2010; Sunderland and Edwards, 2017). It is worth noting that both
soccer and Australian Rules football matches are longer in duration. Similar to other
field sports, midfield players cover significantly more than players in other positions
(Malone et al., 2016a; 2016b; 2017b). As with other sports, a reduction in distance
covered is noted from first to second half (Malone et al., 2016a; Malone et al.,
2017b). Of relevance, given the eccentric load associated with deceleration and the
effect that subsequent muscle damage may have on recovery, is the 166
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accelerations reported in elite Gaelic football match play, totalling 267m of
acceleration distance (Ryan et al., 2017). This is considerably less than that reported
in soccer, although this is a result of different categorisation of acceleration speeds.
While no data is presented on deceleration, it is likely to be similar. In a
comprehensive investigation, Russell et al., (2016) reported a total of 656
accelerations and 612 decelerations during soccer match play, with a significant
decrease in both in the final 15min of play. There is a lack of comparable data in
female players, but Mara et al., (2016) noted a total of 423 accelerations and 430
decelerations per match in 12 elite players across seven competitive matches.
Analysis of mean heart-rates and activity patterns in Gaelic football (Reilly & Keane,
2002) suggests a predominance of aerobic metabolism during performance, a
metabolic loading that is similar to other field games. Of relevance to this
investigation, in particular study 4, is the effect that muscle damage may have on
glycogen storage and thus, subsequent exercise performance which is glycogendependent. To this end, Asp et al., (1998) noted reduced glycogen content (~402
mmol/kg) in damaged muscle compared to control tissue (~515 mmol/kg) with a
predominant effect on fast-twitch muscle fibres.

2.5.2 Recovery from team sports
Many researchers have examined the effect of team sport participation on markers of
fatigue and muscle damage, reporting that symptoms and/or markers of muscle
damage and fatigue may persist for up to 72h post-exercise (Andersson et al., 2008;
Ispirlidis et al., 2008; Ascensão et al., 2008; McLellan et al., 2011). Recovery is
considered to be complete when the athlete is able to reach or exceed their
benchmark performance in a particular activity (Bishop et al., 2008). The persistence
of fatigue and markers of muscle damage is not surprising given the high aerobic and
anaerobic demand of these team sports and the repeated eccentric loading during
sprinting, jumping, accelerating, decelerating and changing direction (Nedelec et al.,
2012). Correlations between high speed running, accelerations and decelerations
have been reported in soccer (de Hoya et al., 2016) and in Australian Rules (Young
et al., 2012). Contributing to muscle damage are the contact events that occur
throughout phases of play in team sports, including tackling, contact with the ball or
bat/stick, and through contact with the playing surface (Smart et al., 2008). This
Impact-Induced Muscle damage (IIMD) has only recently been investigated in animal
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studies and the magnitude and time-course is poorly understood (Naughton et al.,
2017). With a different mechanism of injury when compared to EIMD, leading to a
disruption of capillary networks and intramuscular bleeding (Elmer et al., 2012), IIMD
is likely to result in greater secondary damage and subsequent inflammation. In
addition, little is know on on how best to manage IIMD in the recovery period
(Naughton et al., 2017).

A summary of the responses to participation in team sport can be seen in Table 2.1.
While researchers have examined the impact of competitive matches in American
Football (Kraemer et al., 2009), basketball (Montgomery et al., 2008; Pliauga et al.,
2015; Gentle et al., 2014) and handball (Marin et al., 2011) on markers of muscle
damage, only sports relevant to the current investigations are included in this section.
Furthermore, a number of investigations have only looked at immediate post-exercise
measurement of the response to match play (Thorlund et al., 2009; Oliver et al.,
2008; Greig et al., 2008) and these are not included in the table below.

A number of investigations have reported decreases in peak torque measurements
(up to 36%) following soccer match play (Rampinini et al., Ascensão et al., 2008,
Magalhães et al., 2010; Andersson et al., 2008), regardless of the mode of
movement (concentric or eccentric) or speed of exercise. Sprint performance is
typically reduced by approximately 2-9% immediately following match play though
the recovery of sprint performance varies significantly from 5h (Andersson et al.,
2008) to 96h (Ispirlidis et al., 2008). Decreases in countermovement jump
performance are even greater (up to 12%, Magalhães et al., 2010) and again can
take more than 72h to return to baseline values (Andersson et al., 2008; Magalhães
et al., 2010). In a recent thorough investigation, recovery following a soccer match
was investigated (Brownstein et al., 2017). Reductions in maximum voluntary
contraction (-14%), CMJ (-5%), 20m sprint performance (-4%) and RSI (-17%) were
observed from pre- to post- match with return to baseline achieved 48-72h postmatch. Of interest, is the additional measures of neuromuscular function including
voluntary activation (VA) and muscle contraction function (potentiated twitch force)
which were substantially reduced following the match and confirms CNS impairments
which also take days to return to normal (Brownstein et al., 2017). Peak CK from
rugby investigations is typically higher than from other sports, suggesting that the
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amount of physical contact may influence the degree of muscle damage as indicated
by an increase in circulating CK (Gill et al., 2006).
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Table 2. 1 Effect of match play on recovery measures
Reference
Rampinini et al.,
(2011)
Ascensão et al.
(2008)

Participants
N=20 M; professional

Sport
Soccer

N=16 M; semi-elite

Soccer

Cunniffe et al.,
(2010)
McLellan et al.,
(2010)
Rowsell et al., (2009)

N=10 M; elite

Rugby Union

N= 17 M; elite

Rugby League

N=20 M; junior

Smart et al., (2008)
Fatouros et al.,
(2010)

N=23 M; elite
N=30 M; semi-elite

Soccer –
successive
matches
Rugby Union
Soccer

Takarada (2003)
Magalhães et al.,
(2010)

N=15 M; amateur
N=16 M; trained

Rugby Union
Soccer

Ispirlidis et al., (2008) N=14 M; elite

Soccer

Thorpe and
Sunderland (2012)
Gravina et al., (2011)

Soccer

Andersson et al.,
(2008)

N=7 M; semiprofessional
N=28 F; elite and
subelite
N=17 F; elite

Soccer
Soccer

Markers of Recovery
↓ MVC, Sprint perf
↑DOMS
↑Mb, CK, DOMS
↓isokinetic strength, 30m
sprint
↑CK, IL-6, CRP
↑CK;
↓PP during CMJ
↑CK, LDH, Mb
↓12x20m sprint speed,
CMJ
↑CK
↑CK, DOMS
↑TBARS, PC
↓GSH/GSSG
↓20m sprint, CMJ
↑CK, LDH, Mb
↑CK, Mb
↓Isok strength, 20m
sprint, CMJ
↓ sprint performance
CK, LDH, DOMS
↑TBARS, PC
↓GSH/GSSG
↑CK, Mb
↑CK, LDH
↑TAS
↑CK, soreness
↓ Sprint, CMJ, Peak Tq
flexion and extension
↓ PP during CMJ, PP
during SJ, PF during CMJ
↑CK
↓CMJ

Hoffmann et al.,
N=19 F; subelite
Soccer
(2003)
Gill et al., (2006)
N=23 M; elite
Rugby Union
Cormack et al.,
N=22M; elite
Australian Rules
(2008)
de Hoyha et al.,
N=15; elite youths
Soccer
↓CMJ, ↑CK
(2016)
Brownstein et al.,
N= 16M, semiSoccer
↓ MVC, ↓20m sprint,
(2017)
professional
↓CMJ, ↓RSI, ↓VA, ↓Qtw, pot
MVC Maximum Voluntary Contraction, DOMS Delayed Onset Muscle Soreness, Mb
Myoglobin, CK Creatine Kinase, IL-6 Interleukin 6, CRP C-reactive protein, CMJ
Countermovement jump, LDH Lactate Dehydrogenase, TBARS Thiobarbituric Acid Reactive
Species, PC Protein Carbonyls, TAS Total Antioxidant Status, PP Peak Power, SJ Squat
jump, RSI Reactive Strength Index, VA voluntary activation, Qtw, pot Potentiated quadriceps
twitch force
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A direct comparison of all of the above investigations is difficult given the varying
methods employed to measure muscle function and different time points for
measurement during the recovery period. Also significant is the use of actual match
performance as the exercise protocol, given variations, not only in the sports listed,
but playing conditions, environmental conditions and the uncontrollable performance
of the opposition. One observation is that the vast majority of these investigations
were conducted with male athlete participants. However, Gravina et al., (2011)
explored the effects of soccer match play on markers of muscle damage and
oxidative stress over an 18h recovery period in female soccer players. Similar to
results obtained from studies utilising male soccer players, they reported increased
CK (332 ± 302 U/l), LDH (342 ± 43 U/l) and Total Antioxidant Status (TAS) (0.81 ±
0.1 mmol/l-1) though no measurements of muscle function were considered. In
addition to increased CK (+152%), Andersson et al., (2008) reported a decrease in
sprint performance (-3%), CMJ (-4%), peak torque for knee extension (-7.1%) and
knee flexion (-9.4) following participation in a soccer match with female athletes,
slightly lower losses in muscle function than those observed in male players
(Ascencão et al., 2008; Fatouros et al., 2010; Magalhães et al., 2010).

It is clear from the reviewed investigations that participation in intermittent team
sports challenges both the anaerobic and aerobic systems, with increased HR,
oxygen consumption and blood lactate concentrations. Furthermore, significant
oxidative stress, inflammation and muscle damage is experienced following both
acute and simulated match play, arising from the eccentric component of activities in
team sports. Additionally, the number of sprints completed in a match correlates with
CK (Thorpe and Sunderland, 2012) and the number of impacts sustained in a match
may also contribute to muscle damage (Gravina et al., 2011).

2.6

Sex Differences and the Role of Oestrogen in Response to Exercise
Stress

In investigating the effect that milk may have on recovery from exercise in females, it
is relevant to consider sex differences both in the response to exercise and in the
repair process. It is suggested that oestrogen may have a protective effect on
skeletal muscle in terms of damage and inflammation, thus resulting in lower
magnitudes of muscle damage among females. Oestrogens are corticosteroid
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molecules that are secreted primarily by the ovaries in females, but also by the
adrenals. In males, small amounts of oestrogens are produced in the testes and the
adrenals (Bunt, 1990). Three similarly structured oestrogens are found in the human
body: estradiol-17ß (E2), estrone (E1) and estriol (E3), of which E2 is the primary and
most abundant form (Kendall and Eston, 2002). Oestrogen has been found to affect
inflammation, damage and repair in skin, neural and hepatic tissue (Enns and Tiidus,
2010). The mechanisms by which oestrogen may offer protection to skeletal muscle
during exercise are largely unknown but a number of possibilities have been
suggested and it is likely that there may be interaction between these factors
(Kendall and Eston, 2002).

Tiidus (1995, 2003) proposed that oestrogen may act as an antioxidant against lipid
peroxidation of the cell membrane during exercise. Oestrogens possess a hydroxyl
group on their A (phenolic) ring in a similar structure to tocopherol (Vitamin E) which
is a known antioxidant (Ayres et al., 1998; Persky et al., 2000). Acting in a similar
way to tocopherol, oestrogen may donate hydrogen atoms leading to a termination of
peroxidation chain reactions (Tiidus, 1995; Ayres et al., 1998; Persky et al., 2000).
Studies involving female rats show that exercise tocopherol concentration is
maintained, unlike in their male counterpart and immature female rats, suggesting
that oestrogen may provide antioxidant defences while sparing tocopherol (Tiidus,
1995).

Consequently, it is possible that oestrogen may enhance cell membrane stability and
decrease membrane fluidity (Wiseman and Quinn, 1994), thereby protecting the
membranes from damage (Kendall and Eston, 2002) by interacting with membrane
phospholipids in a similar way to tocopherol and cholesterol (Tiidus, 1995; Persky et
al., 2000). Oestrogen may intercalate into the bilayer of the cell plasma membrane
which could result in an alteration of the fluidity and function of the membrane
(Kendall and Eston, 2002).

Oestrogen could play a role in gene regulation. Because of its antioxidant properties
(Tiidus, 1995; Persky et al., 2000) oestrogen may perhaps have an effect on the
expression of adhesion molecules and thus play a protective role in the progression
of inflammation and a decrease in neutrophil infiltration (Kendall and Eston, 2002).
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Muscle Heat Shock Protein (HSP) expression may be increased by oestrogen. HSPs
are involved in protein assembly and maintenance of protein structure when
challenged by stressors, including exercise (Milne and Noble, 2008). Exercise, heat
or trauma result in a rapid release of HSP72 which functions to attenuate further
protein disruption. An attenuation of HSP72 by oestrogen has been observed which
would in theory minimise muscle damage (Bombardier et al., 2009).

Finally, oestrogen may reduce secondary muscle damage by increasing nitric oxide
synthase (NOS) (Tiidus, 2011). This would lead to increased concentration of nitric
oxide (NO) which may influence calcium concentration in the cell by stabilising
calcium channels in the sarcolemma and affecting calcium uptake by sarcoplasmic
reticular pumps (Murphy and Steenburgen, 2007). A stabilisation of calcium
concentration may reduce activation of lysosomal and non-lysosomal enzymes with
minimized leukocyte infiltration (Tiidus, 2011). However, support for this mechanism,
including an attenuation of calpain, comes from animal studies (Tiidus et al., 2001;
Stupka and Tiidus, 2001; Enns and Tiidus, 2008; Enns et al., 2008) and it is difficult
to apply to human protocols. The following sections will examine sex differences in
muscle protein synthesis, and direct and indirect markers of exercise stress.

2.6.1 Muscle protein synthesis
Though oestrogen has been proposed to influence recovery from muscle damage,
there are no differences in muscle protein synthesis rates in males and females. This
lack of sex difference has been observed in young and middle-aged males and
females in a rested state (Volpi et al., 1998; Fujita et al., 2006; Smith et al., 2009),
following aerobic exercise (Short et al., 2004) and resistance exercise (West et al.,
2012). Furthermore, no differences in myofibrillar or connective tissue protein
synthesis have been found across the menstrual cycle phases following kicking
exercise (Miller et al., 2006).

2.6.2 Direct measures of exercise stress
Results from numerous animal studies suggest that oestrogen may attenuate some
of the effects of muscle damage (Amelink and Bar, 1986; Bar et al., 1988;
Komulainen et al., 1999; Stupka and Tiidus, 2001) but studies from humans are far
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more inconclusive. Komulainen et al., (1999) demonstrated that female rats showed
less structural damage than male rats following 96h of downhill running. The male
rats had higher concentration of ß-glucuronidase (a marker of muscle damage), and
also greater losses of desmin and dystrophin than female rats. Similar results have
been found when ovarisectomised rats compared to ovariesectomised rats
supplemented with oestrogen (Enns and Tiidus, 2008; Enns et al., 2008), suggesting
that early muscle damage following eccentrically biased exercise is attenuated by
oestrogen, perhaps through its ability to stabilise the muscle membrane (Enns and
Tiidus, 2008; Whiting et al., 2000). On the contrary, Van der Meulen et al., (1991)
found no sex differences in muscle damage of rats on markers such as multiple
central nuclei, multiple vacuoles and hyaline aspect. Fewer human studies have
examined sex differences in direct measures of muscle damage. Though no malefemale comparison was performed, Staron et al., (1992) reported that muscle
biopsies of both males and females taken during eight weeks of high intensity
resistance training, showed evidence of atrophic and degenerating fibres with z-line
streaming. Similar z-disk disruption was observed by Stupka et al., (2000) following
unilateral eccentric leg exercise, with no difference between males and females.

2.6.3 Indirect measures of exercise stress
Serum proteins
The appearance of creatine kinase (CK) in the blood is commonly used as an
indicator of muscle membrane disruption, though its interindividual variability has led
to criticisms of the use of this marker (Warren et al., 1999). Animal studies have
consistently demonstrated lower CK in females compared to males following
exercise designed to induce muscle injury (Amelink and Bar, 1986; Bar et al., 1988;
Amelink et al., 1990). These differences have been ascribed to oestrogen
concentration, highlighted by studies that compared ovariectomised female rats with
male rats and ovariectomised female rats supplemented with oestrogen. The rats
supplemented with oestrogen consistently showed lower CK than ovariectomised
rats (Feng et al., 2004; Bar et al., 1988; Amelink et al., 1990; Tiidus et al., 2001).
Lower CK has been observed in human females compared to males at rest (Meltzer
et al., 1971; Miles et al., 1994), following cycling (Shumate et al., 1979), distance
running (Berg and Keul, 1981; Rogers et al., 1985), downhill running (Webber et al.,
1989) and eccentric exercise (Stupka et al., 2000; Hicks et al., 2016) though not all
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studies show this (Miles et al., 1994; Sorichter et al., 2001). Lower observed
concentration of CK in females may be due to faster CK clearance rates (Hyatt and
Clarkson, 1998; Warren et al., 2006) though Amelink et al., (1990) observed an invitro direct inverse relationship between oestrogen supplementation and CK release
in animals, suggesting that lower circulating CK in females may be due to less
muscle membrane damage (Amelink et al., 1986; Bar et al., 1988).

In trying to establish whether oestrogen has a protective effect following eccentric
exercise, some investigations have examined the responses of menarchial females
with post-menopausal females but results are mixed. Buckley-Bleiler et al., (1989)
found no differences in CK of subjects while Arnett et al., (2000) unexpectedly found
highest CK in menarchial females compared to post-menopausal and pre-menarchial
females following unaccustomed eccentric hamstring exercise, leading the authors to
conclude that oestrogen had no significant effect on CK after strenuous eccentric
exercise. Hormone replacement therapy (HRT), resulting in increased oestrogen
concentration, has been found to have no protective effect on skeletal muscle
following intense exercise (Dobridge and Hackney, 2004). The diverse results from
these investigations may be due to a lack of control of pre-experimental activity and
the protocols used to induce muscle damage.

Muscle function
Males and females exhibit similar isometric and eccentric fatigue, work done and
rates of torque development and relaxation during eccentric exercise (Hubal et al.,
2008). Surprisingly few studies examining sex differences following exercise stress
have measured aspects of muscle function. While a small number of investigations
have reported greater losses of force production in females (Sayers and Clarkson,
2001; Sewright et al., 2008), most have found no differences in relative force loss for
males and females following eccentric exercise (MacIntyre et al., 2000; Borsa and
Sauers, 2000, Rinard et al., 2000; Sayers and Clarkson, 2001; Kerksick et al., 2008;
Hubal et al., 2008, 2009; Power et al., 2010) though different patterns of loss have
been observed with females showing greater loss at 24h post compared to men
(MacIntyre et al., 2000) and a higher incidence of extreme strength loss (>70%) in
females with faster recovery than males (Sayers and Clarkson, 2001), perhaps due
to an attenuation of the inflammatory response (Sayers and Clarkson, 2001). On the
contrary, other studies have reported faster recovery in males, though with greater
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deficits for peak rate of force production (Borsa and Sauers, 2000). Recently, Hicks
et al. (2016) found no sex differences in recovery of muscle torque losses following
eccentric exercise.

Examining muscle function in the early follicular and mid luteal phases in female
soccer players, Julian et al. (2017) reported a reduction in endurance performance in
the latter phase, but noted no difference in sprint performance and countermovement
jump height, suggesting that some performance variables may be affected by
menstrual cycle phase, whicle others may not. Recent research has shown that
recovery of muscle strength following exercise-induced muscle damage is influenced
by the stage of the menstrual cycle during which the damage occurred (Sipavičienė
et al., 2013), with recovery over 72h faster in the ovulatory phase compared to the
follicular phase, which may have affected sex comparisons in other studies. The
same authors, however, noted no differences in CK or muscle soreness over the
same 72h. Nevertheless, Markofski and Braun (2014), while concluding that
menstrual cycle phase has little impact on recovery from eccentric exercise, found
that recovery of muscle strength was faster in the follicular phase compared to the
luteal phase, suggesting that the oestrogen concentration in the days following
exercise (increasing in the follicular group, decreasing in the luteal group) may play a
more crucial role than oestrogen concentration at the time of the bout.

Muscle soreness
Reviews of investigations comparing pain and soreness in males and females are
conflicting (Le Resche, 2011; Racine et al., 2012). Oestrogen may have an effect on
the perception of pain and level of muscle soreness experienced following damaging
exercise (Kendall and Eston, 2002). Some studies have focused on oestrogen
concentration throughout the menstrual cycle with low oestrogen associated with a
high pain threshold (Riley et al., 1999), or comparisons between females with and
without oral contraceptive use showing high oestrogen with less soreness (Kendall
and Eston, 2002) though similar studies show no difference in soreness with a
variation in oestrogen concentration (Buckley-Bleiler et al., 1989; Carter et al., 2001).

There are conflicting results from studies that have compared soreness in males and
females. MacIntyre et al., (2000) reported different patterns of soreness in males and
females with females reporting a progressive increase in soreness following eccentric
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exercise of the quadriceps, compared to a rapid increase and plateau in males over
the same timeframe. However, this study examined soreness over a 24h period only.
Following a similar protocol, Kerksick et al., (2008) stated that males reported higher
muscle soreness at 24h, 48h and 72h after exercise. Dannecker et al., (2012) also
reported higher soreness in males following eccentric contractions of the elbow
extensors. Other investigations have reported no sex differences in muscle soreness
following eccentric exercise (Rinard et al., 2000; Nie et al., 2005; Dannecker et al.,
2005, 2008; Sewright et al., 2008; Hicks et al., 2016).
While there is no clearly identified mechanism for oestrogen’s effect on perception of
pain, it is possible that oestrogen may play a role in the binding of opioids to
receptors in the brain and spinal cord, thereby modifying the transmission of pain
(Kendall and Eston, 2002).

Oxidative stress
It has been found that oestrogen can limit lipid peroxidation of the cell membrane
(Sugioka et al., 1987; Persky et al., 2000), and some animal investigations have
demonstrated this effect after muscle damaging exercise (Stupka et al., 2001; Feng
et al., 2004), though not all studies have found this (Tiidus et al., 1995). There are
few human studies that have examined sex differences in the oxidative stress
response to damaging exercise. Previous research found that F2-isoprostanes were
elevated in both males and females immediately following a 50km ultramarathon
(Mastaloudis et al., 2004). Values for males fell slightly after two hours but remained
elevated above placebo for six days post-race. In contrast, the values for females
returned to pre-race concentration by 2h post-race, and did not differ from the
placebo group for the remaining 6 days of the investigation (Mastaloudis et al., 2004).
A lower level of oxidative stress in females is possibly due to a higher metabolic rate
in males because of larger muscle mass, thus leading to increased mitochondrial flux
and greater ROS production, or perhaps the antioxidant properties of oestrogen (Ide
et al., 2002).

Heat shock proteins and calpains
Oestrogen may diminish increases in HSPs through its antioxidant membrane
stabilising properties (Enns and Tiidus, 2010). Animal studies comparing female and
oestrogen supplemented ovariectomised female rats have shown attenuated HSP
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concentration after eccentric exercise. To the author’s knowledge, there are no
studies that have examined this response in humans.

As it is postulated that oestrogen has membrane stabilising properties, it is possible
that it may limit membrane disruption and calcium increase, thus subsequently
limiting calpain activation and subsequent damage (Enns and Tiidus, 2010). There
are no studies that have examined sex differences in this relationship.

Inflammatory response
Numerous studies have shown that female rats, male rats supplemented with
oestrogen, and ovariectomised rats supplemented with oestrogen have decreased
neutrophil infiltration (Tiidus and Bombardier, 1999; Stupka et al., 2001; Enns et al.,
2008; Tiidus et al., 2005) and that female mice (St Pierre Schnieider et al., 1999) and
oestrogen supplemented rats (Enns et al., 2008) show attenuated macrophage
infiltration following eccentric exercise. Studies on humans have been less
conclusive. Stupka et al., (2000) found lower leukocyte concentration in females
compared to males following eccentric leg exercise despite the same degree of zdisk streaming, though MacIntyre et al., (2000) found females showed a greater
presence of neutrophils in the muscle than males. These differences may be
explained by differences in subjects or protocols, with MacIntyre’s subjects
completing a greater volume of eccentric work.
It is possible that reduced leukocyte infiltration may originate from oestrogen’s nonreceptor mediated effect on membrane stability (Enns and Tiidus, 2010; Kendall and
Eston, 2002), attenuating calcium increase and thereby reducing the activation of
calpain which would decrease proteolysis and neutrophil chemotaxis (Tiidus et al.,
2001; Enns and Tiidus, 2010). The reduced leukocyte infiltration in female animals
may be because oestrogen averts permeation by reducing the availability of
endothelial adhesion molecules that are required for leukocyte binding (St Pierre
Schneider et al., 1999). Oestrogen increases nitric oxide synthase which can reduce
leukocyte adhesion to damaged tissue (Enns and Tiidus, 2010).

Of relevance, a number of investigations have reported sex differences in leucocyte
infiltration into muscle tissue, with greater neutrophil (MacIntyre et al., 2000; Stupka
et al., 2001) and macrophage (Stupka et al., 2001) infiltration observed in females
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during the post-exercise period, perhaps due to sex differences in muscle membrane
permeability following exercise (Peake et al., 2005a), though not all studies have
found this (Stupka et al., 2000). The disparity may reflect different assessment
techniques though sex differences in muscle membrane permeability may also
influence leukocyte infiltration (Peake et al., 2005c).

The previous sections have focused on the processes involved in exercise stress
responses and how these responses can be measured. WhileThe following sections
will examine the impact of post-exercise nutrition on these processes and measures,
culminating with a review of the research that is specific to milk and the recovery
process.

2.7

Exercise and Nutrition and Recovery

The impact of exercise and nutrition on protein balance and muscle protein synthesis
was reviewed in Section 2.3.2 and 2.3.3. The following sections examine the effect of
protein and protein-carbohydrate intake on recovery from both metabolic and
mechanical stress.

2.7.1 Protein and recovery from metabolic exercise
Metabolic exercise is characterised by increases in oxygen consumption over longduration periods, but exercise incorporating shorter-duration and higher intensities
are also dependent on the aerobic energy system (Bogdanis et al., 1985) and thus,
result in metabolic stress. Such activities, including team sports, depend primarily on
carbohydrate as an energy source (vanLoon et al., 2001). The exercise protocols
undertaken by participants in study 2 and study 4 of this thesis involved aerobic
exercise and therefore, consideration of the role of protein in the recovery from this
type of exercise is relevant to the overall discussion. The overall purpose of including
protein in post-endurance exercise is to i) increase the rate of muscle glycogen
repletion following glycogen depleting exercise which should enhance performance in
subsequent exercise sessions; ii) reduce rates of protein degradation post-exercise
to reduce muscle soreness and attenuate losses in muscle power; iii) enhance
muscle synthesis, leading to enhanced muscle function and strength (McLellan et al.,
2014). For the purpose of specificity, this section will focus on protein and
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carbohydrate-protein consumption in the immediate post-exercise period and on the
effects on the attenuation of losses in muscle function and reducing muscle
soreness.

A number of studies have examined the effect of carbohydrate-protein intake on
recovery from endurance cycling, subsequent performance and markers of muscle
damage (Saunders et al., 2004, 2007; Hall et al., 2013). Saunders et al., (2004)
reported an 83% reduction in CK and a 40% increase in subsequent time to
exhaustion when a carbohydrate-protein beverage was consumed during and after
an initial bout of cycling to exhaustion, though the format of both cycling bouts are not
representative of typical competitive structures. Baba et al., (2014) demonstrated that
the consumption of whey protein before, during and after 60min of running resulted in
a suppression of the elevation of creatine kinase and myoglobin. Similar results have
been observed with female cyclists (Saunders et al., 2007). It is relevant to note that
the beverage (Saunders et al., 2004) and the gel (Saunders et al., 2007) consumed
in these studies were carbohydrate-matched, and not energy-matched, thus there
was a 25% lower caloric intake in the participants in the carbohydrate-only condition.
Valentine et al., (2008) compared energy matched carbohydrate and carbohydrateprotein beverages and reported an attenuation of CK and Mb increase, and greater
leg extension performance 24h post-exercise, although no other performance
measures were included. Thomson et al., (2011) examined the effect of leucineprotein supplemented feeding on repeat sprint cycling performance. Trained cyclists
completed 3 consecutive days of high-intensity interval training followed immediately
by consumption of the protein supplement. A decrease in CK was observed following
the ingestion of the protein supplement compared to a control. It is clear from the
aforementioned investigations that the consumption of protein following exercise
typically associated with increased metabolic stress, results in an attenuation of
markers of stress during the recovery period.

2.7.2 Protein and recovery from mechanical stress - resistance exercise
The following sections will review the literature that has investigated the effects of
post-exercise protein and carbohydrate intake on recovery from exercise with a high
mechanical load - resistance exercise and isolated eccentric exercise.
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Amount of protein intake
Witard et al., (2009) noted a 20% increase in post-resistance exercise muscle protein
synthesis when exercise was completed in a fed state. As discussed in Section
2.3.3, the post-exercise consumption of amino acids increases muscle protein
synthesis (Moore et al., 2009; Børsheim et al., 2004; Tipton et al., 1999) and
attenuates the rise in muscle protein breakdown (Biolo et al., 1997; MacLean et al.,
1994). This could lead to an enhanced recovery from resistance-type exercise. The
amount of protein required to stimulate an increase in muscle protein synthesis has
been investigated thoroughly and the summative conclusions from these studies has
indicated that muscle protein synthesis increases in a dose-dependent manner
(Tipton et al., 1999; Børsheim et al., 2002; Miller et al., 2003, Moore et al., 2009). In a
key study, Moore et al., (2009) investigated young men who consumed either 0g, 5g,
10g, 20g or 40g of whole egg protein following a session of lower limb resistance
exercise. It was demonstrated that muscle protein synthesis displayed a dose
response to dietary protein ingestion with a 20g protein dose maximally stimulating
muscle protein synthesis. Any protein consumption in excess of this amount is likely
to be oxidised (Moore et al., 2009). The authors also suggested that chronic protein
consumption in excess of 20g could lead to a dampening of the protein synthetic
response when the intake is less than 20g. The outcomes of this study have been
replicated with whey protein intake in young men (Witard et al., 2014) and have
formed the basis for post-exercise protein recommendations for much of the past
decade (Morton et al., 2015; Witard et al., 2016), with up to 40g recommended for
the elderly (Yang et al., 2012) and possibly cachexic patients (Breen and Phillips,
2012). However, it is relevant to note that the exercise completed by participants in
both the Moore and Witard studies was lower limb only and may not be reflective of
the resistance training sessions of many athletes. In consideration of this,
Macnaughton et al., (2016) investigated the effect of 20g and 40g of whey protein
following whole-body resistance exercise and found that 40g of protein resulted in a
greater rate of muscle protein synthesis (0.059 %.h-1) compared to 20g (0.02%.h-1)
over a 300min recovery period. They concluded that the activation of a greater
muscle mass, along with a subsequent increased blood flow in the post-exercise
period facilitating the delivery of amino acids to the muscle, may explain the
observed results. Further research is required to extrapolate this hypothesis.
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Timing of protein intake
Immediate post-exercise consumption of protein has been found to be of greater
benefit compared to delayed intake in terms of net protein synthesis rate
(Levenhagen et al., 2001) and increasing muscle mass over a longer period of time
(Esmarck et al., 2001), even though the post-exercise protein intake in both of the
aforementioned studies was only 10g, and not all studies have found similar results
(Rasmussen et al., 2000). Whether pre- or post- exercise protein intake is more
beneficial has been investigated (Tipton et al., 2001, 2007) with contradictory results.
Tipton et al., (2001) reported greater protein synthesis with pre-exercise ingestion of
protein possibly due to increased amino acid availability as a result of elevated blood
flow, while Tipton et al., (2007) found no difference in protein synthesis when
comparing pre- and post- exercise whey protein intake. The disparate results may be
related to protein versus amino acid intake (Shimomura et al., 2012). Furthermore,
rapid aminoacidemia following resistance exercise results in greater muscle protein
synthesis compared to small amounts of protein consumed over a longer period of
time (West et al., 2011). In this investigation, 8 males consumed either a single bolus
of whey protein (25g) immediately following exercise or 10 ‘pulsed’ drinks of 2.5g.
The provision of amino acids immediately after exercise resulted in an increase in
acute phosphorylation of anabolic signalling proteins (PRAS40THR246, S6K1Thr389,
rpS6Ser235/6) that regulate translation initiation and thus, was more beneficial to
support muscle accretion. It is likely that the smaller dose of protein was too small to
maximally stimulate MPS, and did not reach the leucince ‘threshold’ for stimulation of
the mTOR pathway. The enhanced MPS response with immediate protein feeding
has relevance to the methodology of the investigations of this thesis.

Type of protein intake
It has been reported that the ingestion of both whey and casein protein give similar
increases in net muscle protein balance following resistance exercise (Tipton et al.,
2004) though Tang et al., (2009) concluded that stimulation of muscle protein
synthesis following whey consumption is greater than casein. This greater increase in
muscle protein synthesis may be because of the faster availability of amino acids
with the consumption of whey, or the greater leucine concentration (Tang et al.,
2009). Whey is a watery and thin liquid that remains after the casein curd separates
from the milk (Smithers, 2008) and is a rich source of essential amino acids (>20%
ww). Most investigations use whey protein concentrates (35-80% protein), whey
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protein isolates (>90% protein) or whey protein hydrolysates (resulting from the
enzymatic breakdown of protein into peptides and free amino acids), (Sharma and
Sha, 2010). Whey protein is water soluble and is digested quickly resulting in a rapid
aminoacidemia following consumption. Contrastingly, casein is water insoluble
resulting in a slower and more sustained appearance of amino acids in the blood
stream.

Training studies have produced contradictory results with regard to the effect of
casein and whey. Wilborn et al., (2013) reported similar effects while Cribb et al.,
(2006) reported greater gains in strength and lean body mass in male bodybuilders
with the consumption of whey versus casein over a 10 week training period. Volek et
al., (2013) found whey protein to have greater benefits than soy. Of greater
relevance, Hoffman et al., (2010) investigated the effect of a pre- and post- exercise
protein blend supplement containing 42g protein, compared to a maltodextrin
placebo on recovery from a resistance training session and performance in
subsequent session. Results showed that those consuming the post-exercise protein
supplement performed more repetitions in subsequent sessions at 24h and 48h postexercise compared to those who consumed a placebo, which interestingly, correlates
well with CK during this time frame.

Protein plus carbohydrate intake
Børsheim et al., (2004) observed that supplementation with 100g of carbohydrate
alone post-resistance exercise resulted in reduced protein breakdown rather than
increased protein synthesis, although other studies have not found this (Staples et
al., 2011). The addition of carbohydrate to protein intake post-resistance exercise
has potential to further increase post-exercise muscle protein synthesis (Rasmussen
et al., 2000; Miller et al., 2003; Børsheim et al., 2004; Tang et al., 2007), although not
all studies have found this (Greenhaff et al., 2008; Staples et al., 2011; Koopman et
al., 2007; Gorissen et al., 2014), especially if protein intake is sufficient to stimulate
muscle protein synthesis maximally (Staples et al., 2011). In the latter study,
participants consumed 25g of whey protein or 25g of whey protein plus 50g
maltodextrin following unilateral knee extension trials. Results indicated an increase
in muscle protein synthesis but no difference in either muscle protein synthesis or
muscle protein breakdown between conditions as indicated by the phosphorylation of
markers of muscle protein synthesis including 4EBP1, p70S6K and eEF2. The
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authors suggested that the plasma aminoacidemia and insulinemia resulting from the
ingestion of protein alone was sufficient to maximise muscle protein synthesis, with a
minimal plasma insulin concentration of ~11ɥU.ml-1 sufficient to inhibit muscle protein
breakdown. The findings of these studies suggest that an intake of protein following
resistance exercise is important for maximising muscle protein synthesis and that the
inclusion of carbohydrate with protein does not seem to enhance the rate of muscle
protein synthesis or decrease the rate of breakdown. Nevertheless, Lynch (2013),
despite not measuring markers of protein synthesis or breakdown, reported that the
consumption of a protein-carbohydrate supplement immediately following a wholebody bout of high intensity resistance training, resulted in an attenuated reduction in
subsequent performance of agility and sprint tests when compared to a highcarbohydrate drink. However, it is relevant to note that the post-exercise recovery
period was only 2h in duration.

Sex differences, protein intake and protein synthesis
Most studies examining protein intake and resistance exercise have been conducted
with young males (Hoffman et al., 2010; Cribb and Hayes, 2006) and it is likely that a
greater protein intake is required to maximally stimulate protein synthesis in males.
Post-absorptive muscle protein synthesis (Smith et al., 2009) and post-exercise
muscle protein synthesis (Dreyer et al., 2010) are not different between sexs. Few
studies have specifically compared the muscle protein synthesis response postexercise in males and females. In an informative study, West et al., (2012) explored
this area, with 8 men and 8 women consuming 25g of whey protein immediately
following a bout of resistance exercise. They reported similar rates of muscle protein
synthesis and anabolic signalling responses in males and females in both the early
recovery period (1-5h) and late recovery period (24-48h). Further sex comparison
research and female-only investigations will be beneficial in enhancing our
understanding in this area.

2.7.3 Protein and recovery from mechanical stress – eccentric exercise and
muscle damage
Numerous investigations have examined the effect of protein intake on recovery from
isolated eccentric exercise. Acute unaccustomed exercise, particularly exercise with
an eccentric bias, results in muscle damage, muscle soreness and reduced muscle
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function that can persist for several days (Clarkson et al., 1992). When post-damage
nutrition is not provided, degradation rates can exceed synthesis rates and a
negative protein balance results (Levenhagen et al., 2002). Consumption of protein
during the post-exercise period promotes muscle protein synthesis (Rasmussen et
al., 2000) and therefore, it is logical that the consumption of protein post-eccentric
exercise may enhance protein synthesis or decrease protein breakdown, preserving
muscle fibre integrity and attenuating losses in muscle function and performance.
Readers are directed to Sousa et al., (2014) and Pasiakos et al., (2014) for reviews.
A number of studies have examined the effect of protein, primarily branched-chain
amino acids, on recovery from isolated eccentric exercise resulting in EIMD,
implementing a variety of supplementation protocols. The consumption of protein can
reduce muscle damage as measured by creatine kinase (Howatson et al., 2012;
Matsumoto et al., 2009; Nosaka et al., 2006; Shimomura et al., 2006; Sharp and
Pearson, 2010) and muscle soreness (Shimomura et al., 2006; Shimomura et al.,
2010; Coombes et al., 2000) though the mechanism underlying the latter
observations has never been elucidated. Jackman et al., (2010) reported no
differences in CK, Mb, IL-6 and maximal isometric strength with the ingestion of a
branched-chain amino acid solution before, during and after eccentric exercise,
though muscle soreness was reduced by 64%, suggesting that branched-chain
amino acids can modulate soreness independent of biochemical markers. Other
studies have not found a similar effect of branched-chain amino acids on muscle
soreness (Nosaka et al., 2006; White et al., 2008) although the longer
supplementation period in the Jackman study may have resulted in the observed
positive effect on soreness. Dahlstrom Burnley et al., (2010) investigated the effect
of protein (0.4g/kg) compared to carbohydrate (0.4g/kg) following eccentric exercise
and found no differences between groups in CK, muscle soreness 24h and 48h post
recovery. However, a significant limitation in the experimental design of this study
was a three-way crossover trial, with a two week recovery time between trials. A trialeffect was observed with significantly greater damage following the first trial
compared to the subsequent trials, known as the ‘repeated-bout’ effect. Still, the lack
of effect of protein on the markers of muscle damage may be due to the relatively
mild level of muscle damage induced (Dahlstrom Burnley et al., 2010).

Supplementation with whey protein has produced equivocal results in relation to
recovery from EIMD. White et al., (2008) reported no effect when whey protein was
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consumed after 50 eccentric contractions of the quadriceps, while both Buckley et al.,
(2010) and Cooke et al., (2010) found improved muscle strength recovery, though
both of the latter investigations supplemented with hydrolyzed whey protein for the
duration of the recovery period compared to White’s single post-exercise bolus of
non-hydrolysed whey. The hydrolysed form of whey may have increased the plasma
concentrations of amino acids compared to non-hydrolysed proteins (Morifuji et al.,
2010) which may help to explain the observed results.

While the vast majority of EIMD investigation utilise specific eccentrically biased
exercise either with isokinetic protocols or downhill running, a small few have utilised
more ecologically valid protocols. A number of investigations have induced muscle
damage utilising a drop jump protocol (Kirby et al., 2012, Howatson et al., 2012).
Kirby et al., (2012) investigated the effect of leucine on recovery from EIMD following
drop jumps and eccentric-only leg presses and found that the 250mg/kg dose
ingested before, during and after exercise attenuated the loss in isometric force
production but had no effect on other markers of muscle damage (CK, Mb,
soreness). However, the practical application of isometric force production is limited
and therefore, of little value when interpreting the results from this thesis. On the
contrary, Howatson et al., (2012) demonstrated a reduction in both CK and muscle
soreness when branched-chain amino acids were consumed for 7 days prior to, and
4 days following 100 depth jumps. Similar to Kirby et al., (2012) the recovery of
maximum isometric voluntary contraction was greater with BCAA ingestion. The
longer supplementation period in the Howatson study may explain the disparate
findings for CK and muscle soreness. The availability of BCAA during the secondary
phase of muscle damage may have facilitated an increased uptake of protein
resulting in enhanced cell signalling and muscle remodelling (Howatson et al., 2012),
resulting in a reduced loss of muscle function. Readers are directed to da Luz et al.,
(2011) for a short review on the effects of BCAA supplementation on EIMD.

Recently, Brown et al., (2017) reported a positive effect of whey protein hydrolysate
consumption on recovery from EIMD. Of particular relevance was the protocol used
to induce muscle damage (repeated sprinting) and the cohort (female). An
attenuation of losses in RSI and flexibility along with reduced increases in CK were
observed. However, the supplementation protocol in this instance was 2 x 20g bolus
amounts per day for 4 days, commencing immediately upon completion of the
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exercise protocol and recovery benefits may be as a result of the repeated intake in
the days of recovery post-exercise (Brown et al., 2017).

2.7.4 Protein and recovery - mixed mechanical and metabolic stress
Recently a number of investigations have examined the effect of protein on recovery
from exercise involving both mechanical and metabolic stress. In a well-controlled
trial, Eddens et al., (2017) noted that the consumption of 20g of protein had no effect
on recovery from an exercise protocol designed to simulate the concurrent nature of
typical exercise programmes (high-intensity cycling and 100 drop jumps). No effect
was observed on CK, CRP, countermovement jump performance and maximal
voluntary contractions. This is despite previous concurrent exercise research
indicating that consumption of protein following concurrent exercise (resistance
exercise and cycling) resulted in increased mTOR phosphorylation and enhanced
protein synthesis along with an attenuation of markers of muscle catabolism
compared to a placebo (Camera et al., 2015). The authors cite a number of possible
explanations for the observed results including low levels of EIMD and a resultant
smaller window for an intervention to display efficacy (Eddens et al., 2017).
Nevertheless, it is likely that the greatest influencing variable was the highly
controlled diet for the duration of the investigation which may have over-ridden the
possible benefits of the supplemented protein (Eddens et al., 2017), a factor which is
of relevance to this research. Of greater relevance to this thesis are studies that have
investigated protein and protein-carbohydrate intake following team-sport exercise.
Naclerio et al., (2013, 2014) have reported reduced markers of muscle damage, but
no performance benefit, with the consumption of a multi-ingredient proteincarbohydrate beverage before, during and after a 90min intermittent repeat sprint
test. However, the recovery period was only 24h and no muscle function variables
were measured during this time. Poulios et al. (2018) conducted a comprehensive
investigation into the effects of protein intake on recovery from 2 soccer games
separated by a 3 day recovery period. Protein consumption resulted in improved
locomoter activity in the second game and attenuation of losses in peak torque
measurements. However, the protein intake prescribed was considerably greater
than that in this thesis- 80g of pulsed post-exercise intake plus 20g on each recovery
day. In contrast, Roberts et al., (2011) reported no effect of a carbohydrate-protein
supplement on recovery from an exercise protocol designed to simulate the demands
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of rugby union, despite the beverage being consumed before, during and after the
protocol. The recovery period was only 24h, though it is possible that the lack of
effect was because the participants were habituated to the type of activity performed
(Roberts et al., 2011). Based on the aforementioned studies, it is possible that
protein consumption can have positive effect on recovery from exercise that involves
both mechanical and metabolic stress, though given the varied exercise protocols
and nutritional strategies employed, it is difficult to draw definite conclusions.

2.8

Milk

2.8.1 Composition of milk
Bovine milk is a complex food comprised of many components. While there is some
seasonal and product variation in the nutritional composition of milk, a general
breakdown of semi-skimmed milk can be seen in Table 2.2.

Table 2. 2 Nutritional composition of semi-skimmed milk
Per 100ml
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201
4.8
4.8
3.6
1.8
1.2
0.4
trace
0.1
0
0.03
0.25
0.1
0.6
0.06
0.9
9
0.70
3.1
2
20
Trace
Trace
0.04
11

Energy (kcal)
Energy (kJ)
Carbohydrate (g)
Of which sugars
Protein (g)
Fat (g)
Of which saturates
monounsaturates
polyunsaturates
Trans fatty acids
Dietary fibre (g)
Thiamin (mg)
Riboflavin (mg)
Niacin (mg)
Niacin from Tryptophan (mg)
Vitamin B6 (mg)
Vitamin B12 (μg)
Folate (μg)
Pantothenate (mg)
Biotin (μg)
Vitamin C (mg)
Retinol (μg)
Carotene (μg)
Vitamin D (μg)
Vitamin E (mg)
Sodium (mg)
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Per 100ml
Potassium (mg)
161
Calcium (mg)
124
Magnesium (mg)
11
Phosphorous (mg)
97
Iron (mg)
0.02
Copper (mg)
Trace
Zinc (mg)
0.4
Chloride (mg)
90
Manganese (mg)
Trace
Selenium (μg)
1
Iodine (μg)
31
Source: The Nutritional Composition of Dairy Products, The Dairy Council (2018)
Bovine milk contains approximately 36g of protein per litre. There are a number of
scales that determine protein quality. The Biological Value (BV) of a protein
determines how efficiently exogenous protein leads to protein synthesis in body
tissues once absorbed. It is determined by calculating the nitrogen used for tissue
formation and dividing by the nitrogen absorbed from food; this value is then
multiplied by 100 and expressed as a percentage of nitrogen utilised. BV therefore
has a maximum score of 100 (Hoffman and Falvo, 2004). The Protein Digestibility
Corrected Amino Acid Score (PDCAAS) ranks protein sources based on the
completeness of their essential amino acid content, utilising egg protein as the
reference. It is determined by expressing the content of the first limiting essential
amino acid of the protein as a percentage of the content of the same amino acid
content in a reference pattern. It has a maximum score of 1.0. There are a number of
limitations with the use of PDCAAS, including inaccurately elevated values due to the
use of fecal protein digestibility as the basis of the scoring and the limit of 1.0 which
may not account for proteins of very high quality (Phillips, 2017). Therefore, the use
of a new scoring system is replacing the PDCAAS. This is the digestible
indispensable amino acid score (DIAAS) and utilises a theoretical best protein as the
reference. This scoring system is based on ileal digestibility of protein and utilises a
different test protein which can give values greater than 1.0 (Phillips, 2017).

Overall bovine milk has a BV of 91, PDCAAS of 1.00 and a DIAAS of 1.14, indicating
that it is readily absorbed by the body, promoting protein synthesis and tissue repair
and provides all essential amino acids. The protein components of bovine milk, whey
(20%) and casein (80%) have different BV and PDCAAS scores. Casein’s BV and
PDCAAS are 77 and 1.00 respectively, compared to 104 and 1.00 for whey (Hoffman
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and Falvo, 2004), indicating the rapid availability of amino acids following the
consumption of whey protein. Thus, casein is considered a ‘slow’ protein, with a slow
and prolonged appearance of amino acids in circulation following consumption
(Tipton et al., 2004). With its rapid digestion and appearance in the blood, whey is
considered a ‘fast’ protein though this increase is short-lived (Tipton et al., 2004). The
consumption of both proteins following exercise results in a net muscle protein
synthesis (Tipton et al., 2004). Milk has high concentrations of essential amino acids
and branched chain amino acids (Haug et al., 2007), including leucine, which is of
relevance to the current investigations as leucine is a key trigger for muscle protein
synthesis.

While the antioxidant capacity of milk is somewhat dependent on the method of
analysis (Chen et al., 2003), it has been demonstrated that the antioxidant capacity is
related to the fat content of milk, with the greatest antioxidant capacity in whole milk
(Ryan and Petit, 2010). Reducing the fat content of milk reduces the concentration of
fat-soluble antioxidants including tocopherols, carotenoids and retinols (Ryan and
Petit, 2010). Zulueta et al., (2009) conducted a comprehensive analysis of varying
brands of milk, both low fat and whole, utilising the oxygen radical absorbance
capacity (ORAC) method and noted decreased ORAC values in whole milk
compared to low fat milk.

Milk contains whey protein which is a source of cysteine and methionine amino acids
that are converted to glutathione, a key antioxidant, thus enhancing the anti-oxidant
defense system (Madureira et al., 2007; Elia et al., 2006). GSH is a tripeptide of
glutamate, cysteine and glycine (McPherson and Hardy, 2011). The majority of GSH
must be synthesised, primarily in the liver (McPherson and Hardy, 2011). Reduced
glutathione donates an electron to reactive oxygen species forming oxidised
glutathione, an important antioxidant (Haug et al., 2007). Whey protein is known to
raise GSH concentration (McPherson and Hardy, 2011) and Choi et al., (2015) have
reported increased cerebral glutathione concentrations with increased dairy intake in
older adults. It is possible that milk’s calcium and riboflavin content may contribute to
glutathione (Pascoe and Reed, 1989) though it is more likely that it is the cysteine
content of the whey component that influences glutathione concentrations (Choi et
al., 2015). Of interest, Zavorsky et al., (2007) noted a 24% increase in glutathione
concentrations in young adults who consumed whey protein bars.
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The casein subunit of milk also has antioxidant properties, with a capacity to inhibit
lipid peroxidation. Zulueta et al., (2009) found significantly greater ORAC values in
milk compared to whey protein, concluding that casein contributes to the main
antioxidant capacity in milk, due to the greater tyrosine, tryptophan, lysine and
methionine in casein compared to whey. Furthermore, peptides resulting from the
digestion of casein have free radical scavenging ability (Rival et al., 2001). In other
words, the structure of casein itself determines it’s scavenging ability, though no
studies have specifically examined casein’s effect on exercise-induced oxidative
stress.

Milk also has valuable concentrations of Vitamin E, an antioxidant. Milk has a Vitamin
E concentration of approximately 0.6mg/l, with the main form (>85%) being alphatocopherol (Haug et al., 2007). A number of studies have reported decreases in
markers of oxidative stress with Vitamin E supplementation (Goldfarb et al., 1994;
Kanter et al., 1993). However, a recent review concluded that while chronic Vitamin E
supplementation appears to have a positive effect on performance at altitude, it has a
negative effect at sea level (Braakguis and Hopkins, 2015).

Milk is also carbohydrate-rich. A number of studies have investigated the effects of
carbohydrate intake on the development of oxidative stress. Because carbohydrate
intake maintains blood glucose concentration, it results in a decrease in the release
of ACTH, cortisol and epinephrine which could reduce oxidative stress (McAnulty et
al., 2003). It is possible that catecholamines may undergo autooxidation to ROS
though this may not contribute significantly to overall oxidative stress (McAnulty et al.,
2003). Furthermore, increases in cortisol are linked to increased mobilization of
neutrophils and inflammatory responses.

Milk also contains a myriad of bioactive compounds which have been shown to have
health benefits (Hill and Newburg, 2015; Ebringer et al., 2008). These compounds
include lactose and oligosaccharides, growth factors and cytokines, and
immunoglobulins, among others (Park and Nam, 2015). Some of these compounds
are naturally occurring in milk; others emerge during digestion (Ebringer et al, 2008).
Positive effects on gastrointestinal activity and function, immunological function and
microbial activity (Park and Nam, 2015) are likely to contribute to overall athlete and
individual wellbeing, and may possible contribute to recovery processes following
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exercise. Bioactive peptides released from αs-casein have free radical-scavenging
activity and prevent lipid peroxidation (Park and Nam, 2015). Immunomodulatory
peptides influence lymphocyte proliferation and cytokine regulation (Park and Nam,
2015), and thus may influence the post-exercise inflammatory response. Opportunity
exists to expolore the effects of these bioactive compounds, individually and
collectively, on recovery from specific forms of exercise.

In light of the nutritional composition of milk, it is tenable that milk has the potential to
enhance recovery from varying types of exercise. The following sections review the
existing evidence that supports milk as a recovery beverage.

2.8.2 Milk and recovery from metabolic exercise
Recovery from exercise that induces a metabolic stress is a complex process
involving rehydration, muscle repair and fuel replenishment (Saunders, 2011). There
is limited research on the effect of milk on recovery from metabolic stress, with the
vast majority of these investigations focusing on endurance exercise and chocolate
milk (Table 2.3), which has been reported to be an effective recovery drink (Pritchett
and Pritchett, 2012). This is not surprising given that in addition to the sugars
naturally occurring in milk, chocolate milk has added sugars, usually sucrose, which
can contribute to glycogen replenishment post-exercise. Nevertheless, in the context
of this investigation, a brief review of these investigations is appropriate.

A small number of studies have reported increased post-exercise glycogen
replenishment with the consumption of chocolate milk compared to an isocaloric
carbohydrate drink (Karfonta et al., 2010; Ferguson-Stegall et al., 2011). However,
the latter study reported no significant difference in this enhanced rate of
replenishment (30.6μmol.g-1 v 23.6 μmol.g-1, for chocolate milk versus carbohydrate,
respectively).

Increased mixed muscle fractional synthetic rate (FSR) and lower whole-body
proteolysis was reported when chocolate milk was consumed following 45min of
endurance exercise (Lunn et al., 2012). The elevated FSR rates are similar to those
reported in previous studies investigating carbohydrate-protein beverages (Howarth
et al., 2009) and the reduced protein breakdown is possibly as a result of an 83%
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higher insulin concentration following the consumption of the chocolate milk (Lunn et
al., 2012). Nonetheless, Ferguson-Stegall et al., (2011) reported no differences in
markers of muscle damage (including plasma CK and Mb) between chocolate milk
and an isocaloric carbohydrate beverage, in contrast to Pritchett et al., (2009) who
reported a greater increase in CK in participants who consumed a carbohydrate
beverage (211.9 ± 192.5 U/L-1) compared to chocolate milk (+27.9 ± 134.8 U/L-1).
The post-exercise consumption of chocolate milk seems to be as effective as
carbohydrate and carbohydrate-protein drinks on subsequent exercise performance
(Lunn et al., 2012; Karp et al., 2006; Thomas et al., 2009) though these
investigations utilised an exercise time to exhaustion which has limited relevance in
the context of this thesis.

2.8.3 Milk and recovery from mechanical stress- resistance exercise
While acknowledging the demonstrated benefits of milk consumed during resistance
training programmes (Rankin et al., 2004; Hartman et al., 2007; Josse et al., 2010),
the acute recovery period is of greater relevance to the series of investigations of this
thesis.

A number of studies have examined the immediate effects of milk consumption on
the post-exercise period (Elliott et al., 2006; Wilkinson et al., 2007). The first
investigation to examine the effect of a complete food on muscle protein balance
following exercise was Elliott et al., (2006). Looking at the consumption of fat-free
milk and whole milk following a legs-only resistance training session with males and
females, the ingestion of milk stimulated uptake of phenylalanine and threonine and a
change from negative to positive muscle protein balance. The authors concluded that
this was probably due to both an increase in protein synthesis (due to provision of
essential amino acids) and a decrease in protein breakdown (due to a milk-induced
insulin response), despite a small intake of protein in the drinks (8.8g for fat-free milk
and 8.0g for whole milk). Interestingly, the authors reported a 2.8 fold greater net
amino acid uptake for threonine (p<0.05) and an 80% greater uptake of
phenylalanine (p>0.05) when whole milk was compared to fat-free milk, though the
reasons for this difference are not clear. Similar results were reported by Wilkinson et
al., (2007). In a randomised cross-over trial, 8 males consumed either 500ml skim
milk or an isoenergetic and isonitrogenous soy beverage following a standardized leg
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workout. Results indicated that milk promoted a more moderate rise and a sustained
elevation in blood amino acid concentrations, and a more sustained net positive
protein balance following the exercise bout than the soy protein, clearly suggesting
that differences in the delivery and pattern of change in amino acids are key
influencing factors in subsequent rates of muscle protein synthesis.

While these investigations did not measure any aspect of muscle function or other
markers of recovery, it is likely that the consumption of milk post-exercise creates a
positive environment for enhancing muscle protein synthesis which could logically
have positive effects on those outcomes.

2.8.4 Milk and recovery from mechanical stress- eccentric exercise and muscle
damage
The effect of milk on recovery from eccentrically biased exercise has received
considerable attention in the literature (Table 2.3). Jimenez-Florez et al., (2012)
reported that consumption of a milk product resulted in enhanced anaerobic capacity
following damage-inducing simulated mountain hikes and activities in army
personnel, but little effect on other measures including CK. However, this was not an
independent groups design and there was a repeated bout effect with lower levels of
damage reported following the second bout which may have influenced the results.
Hatchett et al., (2016) explored the effect of chocolate milk versus raw milk with
honey on DOMS following 4 sets of 10 repetitions of back squats. Despite higher
soreness in the early recovery period, raw milk and honey reduced reported muscle
soreness more than chocolate milk over the 72h period. However, a very small
amount of each supplement was ingested (240ml) and no other measures of muscle
damage were conducted. Consequently, and particularly because of the subjective
nature of the measurement of muscle soreness, little explanation and practical advice
can be deducted from the study. Again, focusing on chocolate milk and with small
participant numbers, but with excellent ecological validity, Gilson et al., (2010)
explored the effect of chocolate milk versus an isocaloric carbohydrate beverage
during 4 days of increased soccer training duration (>25% during 4 consecutive days
of training). Overall, the beverages provided similar effects on markers of postexercise recovery, though at the conclusion of the 4day training period, CK
concentration was lower with the chocolate milk supplement (~310 U.L-1) compared
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to carbohydrate (~430 U.L-1). The lack of effect on sport-specific effects (T-drill,
vertical jump) is surprising considering the chocolate milk supplement contained 28g
protein which could enhance protein synthesis and reduce protein degradation and
this has a positive effect on muscle function. It is tenable that the nature of the
training sessions and the modest increase in training volume over the duration of the
investigation may not have been an adequate stimulus to impair recovery.

The vast amount of our knowledge regarding milk and recovery from isolated
eccentric exercise arises from a sequence of well-designed investigations by
Cockburn and colleagues. Cockburn et al., (2008, 2010, 2012, 2013) reported an
attenuation of the negative effects of EIMD when milk was consumed following
maximal eccentric hamstring exercise with male participants. In these studies, male
participants completed 6 sets of 10 repetitions of unilateral eccentric-concentric knee
flexions at 1.05 rad.s-1 on an isokinetic dynamometer. The initial investigation
(Cockburn et al., 2008) reported an attenuation of peak torque, total work of the set,
CK and Mb 48h following the exercise bout. Investigating the importance of timing of
nutrient intake, Cockburn et al., (2010) examined the effects of consuming 1000ml of
milk either pre, immediately post, or 24h post- muscle damaging exercise. Milk
consumed immediately post-exercise resulted in reduced increases in muscle
soreness, peak torque and RSI over the 48h post-exercise period. The authors
deduced that these benefits were probably a result of increased protein synthesis
and reduced protein degradation, leading to a reduction of contractile protein loss
during this time frame. While protein balance was not measured in this study,
previous research has indicated that consumption of milk post-resistance exercise
creates a positive protein balance following resistance exercise (Elliott et al., 2006).
Furthermore, the consumption of milk post-exercise is likely to be of greatest benefit
due to maximising the benefits of milk during the phase of secondary muscle damage
(Cockburn et al., 2010). Interestingly, the results of this study found that pre-exercise
consumption of milk was beneficial compared to a control over the 72h recovery
period, though given that most athletes train more frequently than this limits the
practical application of this outcome (Cockburn et al., 2010). Utilising the same
muscle-damaging protocol as previous investigations, Cockburn et al., (2012) found
that the post-exercise consumption of 500ml of milk was as beneficial as 1000ml in
attenuating the negative effects of EIMD. Despite the 500ml containing only 17g
protein, less than the 20g ‘threshold’ for maximal stimulation of protein synthesis
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(Moore et al., 2009), an attenuation of decrements in peak torque at 48h when
1000ml (-3%) was consumed compared to water (-10%), with no clear benefit of
1000ml versus 500ml (-3%), was observed. Similarly, a 6.7 fold increase in CK was
observed with the consumption of water, compared to a 0.5 fold increase for 500ml
milk and 0.1 fold increase for 1000ml of milk, a very likely benefit of milk, with no
clear benefit of 500ml v 1000ml. These results indicate that consuming 1000ml of
milk, containing 34 g protein, does not provide extra amino acids that can be
incorporated into new proteins to preserve or synthesise myofibrillar and membrane
proteins (Cockburn et al., 2012), and thus, 500ml of milk was the volume chosen for
the series of investigations of this thesis.

Finally, in the study, with the greatest practical application (Cockburn et al., 2013), 14
male soccer players consumed either 500ml of milk or water following muscledamaging exercise. Baseline data included the Loughborough Intermittent Shuttle
Test which was also performed 48h post-exercise. Results indicated a possible
benefit of milk at 48h for 10m sprint time (1.7% v 5.0% increases in time for milk
versus water) and at 72h for 15m sprint time (2.6% v 5.9%, milk versus water).
Additionally, a benefit for milk was also seen at 72h for limiting increases in agility
times (0.7% v 4.8%, milk versus water), though there were no clear benefits of milk
for the other variables including RSI, CMJ, CK, Mb or soreness.

The contribution of the aforementioned investigations to an understanding of how
milk can assist recovery from exercise is significant; however, the nature of the
exercise protocol utilised in these studies is quite unlike the exercise stress
experienced by team-sport athletes during and following participation in their team
sport and thus, the role of milk in the recovery of other, more ecologically valid, forms
of exercise are necessary to inform the practical application of this knowledge.
Furthermore, all of the above investigations included male participants only and it
would be naive to assume that the guidelines for the use of milk in recovery
generated from studies involving all males can be identically applied to a female
cohort. Kirk et al., (2017), in examining the effect of 500ml milk and A2 milk on
recovery, have addressed the issue of the protocol used to induce muscle damage,
with 21 male team sport athletes taking part in 15 x 30m sprints with a rapid
deceleration on completion of each repetition. Decrements in both CMJ and 20m
sprint time were minimised in both milk conditions compared to placebo, though no
73

effect on soreness was noted. Exploration of the responses of females in a similar
experimental design would be useful.
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Table 2. 3 Summary of trials investigating the effect of milk on recovery from exercise
Reference

Participants

Endurance exercise
Lunn et al.,
N=8 male
(2012)
Age: 23.7 ±
1.6y
BM: 76.0 ±
3.8kg

FergusonStegall et al.,
(2011)

Pritchett et al.,
(2009)

N=10 (5 male,
5 female)
trained cyclists
and triathletes
Age: 31.8 ±
1.6y
BM: 67.8 ±
2.6kg

Exercise model

Group treatments

Key outcomes

Randomised crossover
design
45 min treadmill run at
65% VO2max; 3h recovery
period

Post exercise:
480ml Chocolate milk (296kcal,
58g cho, 16g protein v
480ml sweetened grape drink
(296kcal, 74g cho)

CHOCOLATE MILK:
 Increased mixed muscle
FSR (38%) and decreased
whole-body proteolysis (-2.6
fold)
 No effect on muscle
glycogen
 Increased TTE (23%)
CHOCOLATE MILK:
 Improved TT performance
 Higher muscle glycogen resynthesis compared to
placebo
 Greater mTOR activation

Randomised crossover
design
1.5h at 70% VO2max plus
10 min intervals at 45%
and 90% VO2max
4h recovery followed by
40km timetrial

Immediately post-exercise plus
2h post-exercise:
Volume according to BM
(63.6kg=500ml; 63.677.2kg=600ml; >77.2kg=700ml)
Chocolate milk (per 100ml
79.05kcal, 3.67g pro, 11.48g
cho) v
Cho (79.05 kcal, 0g pro, 15.15g
cho) v
Placebo
N=10 trained
Randomised crossover
Immediately post-exercise plus
cyclists and
trial
2h post-exercise
triathletes
50 min high intensity
Volume according to BM
Age: 27.1 ± 7.9 cycling interval training (3 x (1.0g/kg)
y
10 maximal sprints with
Chocolate milk (409.7kcal,
BM: 72.1 ± 6.7 50s recovery), repeated 6
72.1g cho, 18.7g pro) v
kg
times
Cho (384.3 kcal, 72.1g cho,
15-18h recovery followed
19.2g pro)
by TTE at 85% VO2max
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CHOCOLATE MILK:
 Lower CK post-exercise
 No difference in TTE

Reference

Participants

Exercise model

Group treatments

Thomas et al.,
(2009)

N=9 trained
cyclists
Age: 25.4 ±
8.0y
BM: 72.8 ±
8.4kg

Randomised crossover
trial
Glycogen depletion (2min
intervals at 60-90% Pmax,
recovery at 50% Pmax)
4h recovery followed by
TTE at 70% Pmax

Immediately post-exercise plus
CHOCOLATE MILK:
2h post-exercise
 Longer TTE
Volume 1g cho/kg
Chocolate milk (459.2 ml, 394.9
kcal) 62.9g cho, 14.2g pro) v
Cho (526.3 ml, 394.9 kcal, 72.5g
cho, 18.9 g pro) v
Fluid (526.3 ml, 109.5 kcal, 0g
cho, 0g pro)

Independent groups
design
12 week, 5d/wk whole
body resistance training
programme
2- 4 sets x 12-4 reps; 80%
(week 1-10) and 90%
(week 11-12) IRM
Randomised crossover
design
Unilateral lower body
resistance bout (leg press,
hamstring curl, knee
extension); 4 sets x 10
reps (final set to
exhaustion) at 80% 1RM;
3h recovery period

Immediately and 60min postexercise:
500ml FFM (670kJ, 18g pro,
24g cho) v
500ml cho (9% maltodextrin
solution)

MILK:
 Increased lean body mass
 Increased strength
 Increased fat mass loss

Post exercise: 500ml non fat
milk v
500ml isonitrogenous,
isoenergetic soy-protein
beverage (745kJ, 18.2g protein,
23g cho)

MILK:
 Greater uptake of amino
acids across the leg
 Greater positive net protein
balance
 Greater FSR

Resistance Exercise
Josse et al.,
N=20 female
(2010)
Age: 22.8 ±
2.6y
BMI: 25.7 ±
4.0

Wilkinson et
al., (2007)

N=8 male
Regular
resistance
exercisers
Age: 21.6 ±
0.3y
BM: 81.7 ±
5.9kg
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Key outcomes

Reference

Participants

Exercise model

Group treatments

Key outcomes

Hartman et al., N=56 male
(2007)
Age: 18-30y

Independent groups
design
12 week, 5d/wk whole
body resistance training
programme
2- 4 sets x 12-4 reps; 80%
(week 1-10) and 90%
(week 11-12) IRM

MILK:
 Increased lean mass
 Decreased body fat
 Increased in Type II muscle
fiber area

Elliot et al.,
(2006)

Independent groups
design
10 sets x 8 repetitions of
knee extension

Immediately and 60min postexercise:
500ml FFM (735kJ, 17.5g pro,
25.7g cho) v
500ml soy (isoenergetic,
isonitrogenous, macronutrient
matched) v
500ml cho (9% maltodextrin
solution)
60min post-exercise:
237g FFM (377 kJ, 8.8g pro,
12.3g cho) v
237g WM (627 kJ, 8.0 g pro,
11.4g cho) v
393g FFM (626 kJ, 14.5 g pro,
20.4g cho)

Crossover field study
5 days intensive training,
simulated competition on
Day 6

Immediately post-exercise:
1000ml chocolate milk (870
kcal, 107g cho, 35g pro) v
1000ml water

4 days of increased
training duration (25%);
soccer specific, strength,
sprint, aerobic, recovery
training
Independent groups
design

Immediately post-exercise:
672ml chocolate milk (504 kcal,
28g pro, 84g cho) v
672ml 18.6% cho (504 kcal, 0g
pro, 122g cho)
Immediately post-exercise:
Milk v
cho

CHOCOLATE MILK:
 Lower soreness
 Lower salivary cortisol
 Higher judo-specific
performance
CHOCOLATE MILK:
 Reduced CK increases

N= 24 male
and female
Age: 25.9 ±
1.7
BM: 73.8 ± 6.0

Sporting activities
Papacosta et
N=12 male
al., (2015)
judo athletes
Age: 19 ± 4
BM: 77.4 ± 7.9
Gilson et al.,
(2010)

N=13 male
soccer players

Rankin et al.,
(2004)

N=19
untrained
males
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FFM, WM:
 Increased amino acid
uptake
WM:
 Greater amino acid uptake,
representative of increased
net muscle protein synthesis

MILK:
 Tended to increase body
mass and fat-free soft tissue

Reference

Eccentric
Exercise
Kirk et al.,
(2017)

Hatchett et al.,
(2016)

Cockburn et
al., (2013)

Cockburn et
al., (2012)

Participants

Exercise model

Age: 18-25y

10 week resistance
training programme

N=21 male
team sport
athletes
Age: 22.6 ±
1.7y
BM: 79.3 ±
10.3 kg
N= 20 male
football players
Age: 20.0 ±
0.85
BM: 79.4 ±
1.5kg
N=14 male
soccer players
Age: 24 ± 4y
BM: 79.9 ±
8.4kg

Independent groups
design
15 x 30m sprints with 10m
deceleration zone; 60s
between sprints

N=24 active
males
Age: 21 ± 3y
BM: 79.7 ± 9.3
kg

Independent groups
design
4 sets x 10 reps barbell
back squats

Independent groups
design
6 sets x 10 reps maximal
eccentric-concentric knee
flexions
72h recovery period
Independent groups
design
6 sets x 10 reps maximal
eccentric-concentric knee
flexions
72h recovery period

Group treatments

Key outcomes


No difference in strength
gains

Immediately post-exercise:
Milk (500ml, 250 kcal, 18g pro,
24g cho) v
A2 milk (500ml, 250 kcal, 18g
pro, 24g cho) v
Placebo (500ml, 220 kcal, 0g
pro, 50g cho)
Immediately post exercise:
240ml chocolate milk v
240ml raw milk with honey

MILK and A2 MILK:
 Reduced losses in CMJ and
sprint performance

Immediately post-exercise:
500ml milk v
500ml water

MILK:
 Possible benefit in limiting
increases in sprint
performance and agility

Immediately post-exercise:
500ml milk (240 kcal, 17g pro,
24.5g cho) v
1000ml milk (480 kcal, 34g pro,
49g cho) v
1000ml water

MILK:
 Limited decrements in peak
torque
 Reduced increases in CK
 No differences in 500ml v
1000ml
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RAW MILK:
 Lower muscle soreness
ratings

Reference

Participants

Exercise model

Group treatments

Key outcomes

Cockburn et
al., (2010)

N=32 active
males
Age: 20 ± 2y
BM: 78.5
±9.0kg

Independent groups
design
6 sets x 10 reps maximal
eccentric-concentric knee
flexions
72h recovery period

1000ml milk-based drink (707
kcal, 33.4g pro, 118.2g cho)
Before exercise v
Immediately post-exercise v
24h post-exercise v
Control (water)

Cockburn et
al., (2008)

N=24 male
team sport
athletes
Age: 21 ± 3y
BM: 80.2 ± 9.1
kg

Independent groups
design
6 sets x 10 reps maximal
eccentric-concentric knee
flexions
72h recovery period

COMPARED TO CONTROL:
 Immediately post- and 24h
post-exercise limited
changes in DOMS, peak
torque and RSI
 Pre-exercise reduced
increases in CK
MILK and MILK-BASED CHO:
 Reduced losses in peak
torque
 Reduced increases in CK
and Mb

Immediately post-exercise:
500ml plus 500ml within 2h
Milk-based chocolate shake
(706.8kcal, 33.4g pro, 118.2g
cho) v
milk (480kcal, 34g pro, 49g cho)
v
cho (280kcal, trace pro, 64g
cho) v
water
BM, Body mass; BMI, body mass index; WM, whole milk; FFM, fat-free milk; TT, timetrial; TTE, time to exhaustion; FSR, fractional
synthetic rate; CK, creatine kinase, CHO, carbohydrate, Pmax, power at VO 2max
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2.9

Conclusion

The mechanical and metabolic demands associated with exercise participation
clearly result in muscle damage, inflammation, oxidative stress and reduced muscle
function. The effects of protein intake on recovery from exercise have received
considerable attention in the literature. Alongside this, reasonable elucidation of the
mechanisms by which protein consumption influences post-exercise protein balance,
synthesis and breakdown, has contributed to our understanding of why protein
constitutes an effective recovery strategy. In this context, the majority of evidence is
indicative that milk has potential as a post-exercise recovery drink. However, to date,
investigations have been limited to recovery from specific exercise protocols, some of
which do not represent authentic stresses of exercise participation. The
investigations in the subsequent chapters aim to determine if milk can influence
recovery from varied forms of exercise, thus enhancing the application of milk in
recovery strategies. Furthermore, a simultaneous focus of these investigations is to
determine if milk can influence the recovery of female athletes who are underrepresented in the literature to date.
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Chapter 3: General Methods
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3.1

Introduction

This thesis is comprised of four sequential studies designed to investigate the effect
of milk on recovery from various exercise protocols in female team-sport athletes.
Methods that were identical and repeated are described in this chapter. Ethics
approval was gained for each study as follows: Study 1 – Northumbria University;
Studies 2, 3, 4 – Middlesex University. Ethics approval was also received from
Institute of Technology Carlow, where data collection took place.

3.2

Participants

The target population for these investigations were male (Study 1) and female (Study
1, 2, 3, 4) team-sport athletes. The majority of these participants were drawn from the
sports of Gaelic football, hurling and camogie, though a small number of participants
in Study 1 played soccer or rugby and some participants participated competitively in
more than one sport. Participants were recruited from the student population at the
Institute of Technology, Carlow by email and oral presentations to Institute teams and
class groups. Individuals who expressed an interest in participating in the
investigation were sent a Participant Information sheet that provided details on the
nature of the study, the demands involved in terms of the exercise protocol and the
time commitment required (See Appendix A for a sample of the Information Sheet).
Prospective participants were then screened according to the inclusion and exclusion
criteria (See Table 3.1).

Table 3. 1 Inclusion and exclusion criteria across all investigations

Inclusion

Exclusion

Study 1
Study 2, 3, 4
Male and Female
Female
Team sport athletes
Team sport athletes
Aged 18-35
Aged 18-35
Currently competing
Currently competing
Training at least 2x per week
Training at least 2x per week
Current or recent use of nutritional supplements
Intolerance to dairy or lactose products
Lower limb or back injury in previous 3 months
Surgery in previous 6 months
Known coronary disease
Uncontrolled metabolic disorder or respiratory disease
Pregnancy/postpartum
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Following this, screened participants completed an Informed Consent (Appendix A)
and a Health Questionnaire (Appendix B).

3.3

Experimental Design

The experimental design varied depending on the study. Studies 1, 3 and 4 followed
an independent-group design in order to avoid a Repeated Bout Effect (RBE)
whereby participation in an exercise bout with a high eccentric load results in
reduced muscle damage in the next subsequent bout of exercise (McHugh, 2003).
Because Study 2 was designed to examine the effects of milk on recovery from a
non-eccentric exercise bout, a crossover design was utilised. For Study 1 and Study
2, all female participants completed the exercise trials during the follicular phase of
their menstrual cycle as in previous research utilising female participants (Dannecker
et al., 2013). No participants in Study 1 and Study 2 were hormonal contraceptive
users. Self-reported menstrual function identified eumenhorreic participants (13
participants in Study 1; 9 participants in Study 2). The remaining participants
identified themselves as oligomenhorreic. These participants informed the researcher
when Day 1 of their cycle commenced and participation in the investigation was
organised immediately. Control of menstrual cycle was not possible in Study 3 and 4
due to the restricted availability of participants. No details of menstrual cycle history
or contraceptive use were recorded in these investigations. However, it has been
reported that oestrogen concentration may have limited effect on the symptoms of
EIMD in exercising females (Markofski and Braun, 2014), and Hicks et al., (2017),
reported no differences in muscle torque and soreness of oral contraceptive users
and non-oral contraceptive users following eccentric exercise.

For all studies, complete familiarisation with all testing procedures took place no
more than 5 days prior to the exercise bout. Immediately prior to baseline measures,
with footwear removed and wearing light clothing, stature was measured to the
nearest 0.1 cm using a fixed stadiometer (Seca 264 Digital Stadiometer, Seca Ltd,
Germany) and bodymass was determined to the nearest 0.05 kg using a digital
column scale (Seca 704, Seca Ltd, Germany).

For Study 1, baseline measures were recorded immediately prior to the exercise
bout. For Study 2, 3 and 4, participants completed baseline testing no more than 3
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days prior to the exercise protocol. Subsequently, participants attended the
laboratory on 4 (Study 1, 2, 3) or 5 (Study 4) consecutive days with the exercise
protocol on day 1 and repetition of the baseline measures 24h, 48h, 72h (Study 1, 2,
3, 4) and 96h (Study 4) post-exercise. The measurement of dependent variables (see
Table 3.2) took place in the same order each day as follows: measurement of
soreness and tiredness, completion of the DALDA questionnaire, blood sample, peak
torque, isometric RFD, CMJ, RSI and sprint performance. The number and nature of
variables were selected so as not to affect the initial recovery process following the
experimental condition (i.e. the exercise protocol) or by inducing cumulative fatigue
(Nedelec et al., 2012).
All participants were requested to refrain from the consumption of caffeine and
alcohol for 24h prior to the exercise bout. Participants were also requested to refrain
from any strenuous activity for the duration of the study and from treating symptoms
of muscle soreness and tiredness with interventions such as massage, cryotherapy,
supplements and non-steroidal anti-inflammatory drugs. All participants were tested
at the same time each day (±30min) to minimise the effect of time of day on the
variables measured.

Table 3. 2 Dependent variables for each study
Variable (in order of
Study 1 Study 2 Study 3 Study 4
testing)




Muscle soreness (squat)




Muscle soreness
(general)



Muscle Tiredness


DALDA




CK

sTnI



hsCRP


PC

GSH:GSSG

LOOH




Peak Torque 60/s




Peak Torque 180/s



Isometric RFD




CMJ


RSI


5m Sprint performance


10m Sprint performance




20m Sprint performance
DALDA: Daily analysis of life demands of athletes; CK: Creatine kinase, sTni: skeletal
troponin I; hsCRP: high sensitivity C-reactive protein; PC: Protein carbonyls; GSH:
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glutathione; GSSG: Oxidised gluthathione; LOOH: Lipid hydroperoxides; RFD: Rate
of force development; CMJ: Countermovement jump; RSI: Reactive strength index
3.4

Nutritional Intervention and Dietary Control

Immediately upon completion of the exercise protocol participants consumed either
500ml of milk (Avonmore 1% Light, Glanbia, Kilkenny, Ireland) or 500ml of an
energy-matched carbohydrate solution. The consumption of carbohydrate drinks
post-exercise is common practice and previous research has demonstrated that the
administration of carbohydrate alone has no effect in lessening signs of EIMD
(Howatson et al., 2008). A volume of 500ml of milk was chosen based on previous
research (Cockburn et al., 2010, 2012) showing that 500ml of milk is effective in
attenuating the negative effects of muscle damage in males. From an applied
perspective, it was felt that 500ml was an easily consumed volume and that
consumption of larger volumes may lead to stomach fullness and discomfort.
Macronutrient composition (per 500ml) of milk was: Energy 910kJ/215kcal, Protein
17.0g, Carbohydrate 25.5g, Fat 5.0g. The energy-matched carbohydrate solution
consisted of glucose (52.6g) mixed with water and a commercially available orange
flavoured cordial (Nutritional information per 100ml of cordial: Energy 37kJ/9kcal,
Protein 0.2g, Carbohydrate 0.8g, Sodium Trace; MiWadi, Dublin, Ireland).

In order to maintain dietary control, participants were requested to maintain their
habitual diet and to complete a food diary for 24h prior to the exercise bout and for
the subsequent 3 days (Study 1, 2, 3) or 4 days (Study 4) of the recovery period.
Each participant was provided with a weighing scale and measuring jug for the
duration of the study and was instructed on how to record food and fluid intake
(Appendix C). The food diaries were subsequently analysed using dietary analysis
software (Nutritics Professional Diet Analysis, Nutritics Ltd., Dublin, Ireland). Analysis
using Magnitude Based Inference indicated that there were no clear differences in
energy, carbohydrate, protein or fat intake between groups (Study 1, 3, 4). In study 2
the carbohydrate intake over the MILK trial was likely higher than the CHO trial
(Appendix D).
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3.5

Exercise Protocols

The exercise protocol utilised varied depending on the study. Study 1 employed an
eccentric exercise protocol on the hamstring muscle group using isokinetic
dynamometry, as described in previous research (Cockburn et al., 2008, 2010,
2012). Study 2 used a modified version of the Cycling Intermittent Sprint protocol
(Hayes et al., 2013) which simulated the metabolic demands of a team sport without
the eccentric loading of muscle groups. The exercise protocol in Study 3 aimed to
incorporate commonly executed exercise activities and was a combined protocol of
repeated sprints (15 x 20m) with rapid deceleration followed by 8 sets of 10
plyometric jumps. The protocol in Study 4 was a modified version of the team sport
circuit described by Bishop et al., (2001). This protocol was completed twice with 48h
recovery between. Details of each protocol are provided in Chapters 4, 5, 6 and 7.

3.6

Measurement of Muscle Soreness and Tiredness

Muscle soreness is frequently reported following participation in exercise (Close et
al., 2004; Cockburn et al., 2008, 2010; Brown et al., 2015) and the use of a Visual
Analogue Scale has been found to be reliable (Bijur et al., 2001). Passive muscle
soreness was measured on a VAS while standing. Active muscle soreness was
measured during squatting to approximately 90° knee flexion and during isokinetic
testing of knee extension at 60◦/s, with participants rating their level of soreness on a
scale of 0 (no soreness) to 10 (as bad as could be). A similar VAS was used to
measure passive muscle tiredness, with 0 indicating no tiredness and 10 indicating
as tired as could be.

3.7

Measurement of the Symptoms of Stress

Symptoms of stress were monitored at the same time each day using the validated
Daily Analysis of Life Demands (DALDA) questionnaire (Rushall, 1990) (Appendix E).
This self-report inventory was developed to determine the nature of an athlete’s
response to training and training load as well as identifying the factors outside of
sport that may interfere with the training response (Rushdall, 1990). It has an
advantage over other measures as athletes compare their current well-being to
‘normal’ (Saw et al., 2015). DALDA has been used in numerous investigations across
a variety of sports in this regard (Halson et al., 2002; Coutts and Reaburn, 2008;
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Wadley et al., 2015; Tanner and Day, 2017) and is sensitive for monitoring
psychophysiological stress response in response to variations in training load
(Milanez et al., 2014). Recently, DALDA has been used to monitor the effect of a
nutritional intervention on symptoms of stress following exercise (Sciberras et al.,
2015). The questionnaire is comprised two parts: Part A represents the sources of
stress and Part B assesses the manifestation of this stress in the form of symptoms.
Each day participants were provided with a copy of the full questionnaire and marked
each statement as being either ‘normal’, ‘worse than normal’, or ‘better than normal’.
Data for Part B is presented in this study where the number of ‘worse than normal’
answers was quantified and used for analysis.

3.8

Blood Sampling

Venous blood samples were collected from a vein in the anti-cubital fossa using
venepuncture at baseline and 2h, 24h, 48h, 52h (Study 4), 72h and 96h (Study 4)
post-exercise. Samples were collected in 10ml ethylenediaminetetraacetic acid
(EDTA) and 8.5ml serum separator (SST) tubes. Tubes were centrifuged at 3000
r.min-1 for 15 min before the supernatant was removed and immediately stored in
aliquots at -80°C for later analysis.

3.8.1 CK
In all studies total serum CK was analysed using high sensitivity procedures (Roche
Cobas 6000 chemistry module c501, Hoffmann-La Roche, Basel, Switzerland).
Coefficients of variation for this system are reported as 0.7 - 2.3%.

3.8.2 sTnI
sTnI was determined in Study 1 by a sandwich enzyme-linked immunosorbent assay
(ELISA) using a commercially available kit (2BScientific, Oxfordshire, UK). With this
kit the microtiter plate is pre-coated with an antibody specific to TNNI2 (Troponin I,
Type 2). Standards and samples were added to the appropriate microtiter plate wells
with a biotin-conjugated antibody specific to TNNI2. Then, Avidin conjugated to
Horseradish Peroxidase (HRP) was added to each microplate well and incubated.
After tetramethylbenzidine (TMB) substrate was added, only those wells that contain
TNNI2, biotin-conjugated antibody and enzyme-conjugated Avidin exhibited a change
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in colour. The enzyme-substrate reaction was terminated by the addition of sulphuric
acid solution and the colour change was measured spectrophotometrically at a
wavelength of 450nm±10nm. The concentration was then determined by comparing
the OD of the samples to the standard curve. The intra-assay and inter-assay
coefficients of variation for this kit are reported as <10% and <12%, respectively.

3.8.3 hsCRP
Total serum hsCRP was determined in Study 2, 3 and 4 using high sensitivity
procedures (Roche Cobas 6000 chemistry module c501, Hoffmann-La Roche, Basel,
Switzerland). Coefficients of variation for this system are reported as 0.7-2.3%.
3.8.4 Protein carbonyls
PC were determined for Study 2 and Study 4 using a commercially available kit
(Abcam, Cambridge, UK) utilising a methodology based on that described by Levine
et al., (1990). Briefly, samples were derivatised initially with dinitrophenylhydrazine
(DNPH) producing functional groups into the oxidized protein which were detected by
spectrophotemetry. The samples were washed to remove excess DNPH and the
oxidised carbonyls were solubilised with guanidine prior to their detection by
measuring absorbance at 375 nm. Finally, the protein content in each sample was
measured so that the carbonyl content was expressed in terms of nmol/mg of total
protein. The intra- and inter- assay variation for this kit is <7% and <10%,
respectively.

3.8.5 GSH:GSSG
For the determination of GSH:GSSG using a commercially available kit (Abcam,
Cambridge, UK) samples were first deproteinised by centrifugation through a 10kDa
spin column. Thiol Green Indicator Reaction mix was then added which becomes
strongly fluorescent upon reacting directly with glutathione. Samples were incubated
prior to the measurement of fluorescence at 520 nm using a fluorescence microplate
reader. Intra- and inter- assay CVs for this procedure are <15%.
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3.8.6 LOOH
LOOH was determined using the ferrous oxide oxidation of xylenol orange method
(FOX 1), using a modification of the methods of Wolff (1994) and Nourooz-Zadeh et
al., (1994). Absorbance was read spectrophotometrically (U-2001, Hitachi, England)
at 560 nm against a linear standard curve (range 0-5μmol.L-1). The inter- assay and
intra- assay coefficients of variation were <4% and <2%, respectively.

3.9

Measurement of Peak Torque

For the determination of peak torque participants completed three bilateral maximal
effort knee extension and flexion repetitions at 60°/s and 180°/s, with 60s seated
recovery between speeds on a Biodex System 3 Isokinetic dynamometer (Biodex
Medical System, NY, USA). The isolation of muscle groups during maximal voluntary
assessment reduces the validity in regard to the performance of multi-joint
movements but increases the reliability of the assessment (Nedelec et al., 2012).
Interclass correlations for this protocol at IT Carlow are 0.83 - 0.94 and coefficients of
variation have been reported as 4.5-4.9% (Cockburn et al., 2010).

For the initial set-up participants were seated on the dynamometer so that the
femoral epicondyle was aligned with the dynamometer’s axis of rotation and the
ankle strap position 5 cm proximal to the medial malleolus. Straps were placed
across the chest, hips and the leg to be tested in order to minimise extraneous joint
movement and isolate the muscle groups. Participants were requested to grip the
handles at the side of the seat during each repetition in order to further stabilise the
pelvis (Rampinini et al., 2012). Following a standardised warm-up, participants were
instructed to apply maximal resistance to the lever arm during the concentric phase
of each extension-flexion repetition, aiming for full range of movement (as previously
determined) on each repetition. Verbal encouragement was given throughout.

3.10 Measurement of the Rate of Force Development
In Study 2 and 3, RFD was determined over the first 200ms of an isometric
contraction, according to previous studies (Aagard et al., 2002). Briefly, two maximal
5s isometric contractions of the dominant leg quadriceps were performed on the
same isokinetic dynamometer used for isokinetic peak torque measurements, with
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the knee fixed at an angle of 70° (0° = full extension). Participants were instructed to
contract and ‘push away as fast and forcefully as possible’. Any repetitions that
showed a countermovement (a visible drop in the force signal) were excluded;
otherwise RFD was determined from the repetition with the highest torque
measurement. RFD was calculated over the time interval of 0 – 200 ms
(Δtorque/Δtime) relative to the onset of contraction, which was defined as the time
point when the torque generated exceeded the baseline by >7.5Nm (Aagard et al.,
2002). For Study 4, RFD was determined over the time interval of 100 – 200 ms
relative to the onset of contraction. This was following research by Peñailillo et al.,
(2015) suggesting that RFD over this time interval may be a more sensitive marker
than the period 0 -100 ms following exercise because of different underlying
mechanisms. It was postulated that the early phase of the RFD (0 -100 ms) is greatly
influenced by the series elastic component of the muscle, whereas the later phases
may be more reflective of muscle contractile potential (Peñailillo et al., 2015). Thus
measurement of RFD from 100 – 200 ms from the onset of contraction is more
reflective of muscle damage.

3.11 Measurement of Countermovement Jump Performance
In these investigations countermovement jump height was determined using an
Optojump optical measurement system (Microgate, Bolzano, Italy) employing
standard countermovement jump technique. Commencing the movement in an
upright position with hands on the hips, participants were required to flex their knees
to approximately 90° and then, in one continuous movement, jump vertically for
maximum height. Jump height was calculated from flight time and each participant
completed three jumps; the highest recorded jump was used for analysis. Interclass
correlations from reliability trials at IT Carlow for this protocol are 0.97- 0.98 and
coefficients of variation have been previously reported as 3.3% (McLellan et al.,
2011), and <4% and <3% for intra-trial and inter-trial CVs, respectively (Brown et al.,
2015).

3.12 Measurement of Reactive Strength Index
Reactive Strength Index (RSI) was determined using the Optojump optical
measurement system (Microgate, Bolzano, Italy) following the execution of three
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maximal effort drop jumps from a height of 45cm as in previous research with female
team sport athletes (Werstein and Lund, 2012). Participants were instructed to step
forward off the box and minimise ground contact time when landing from the drop
height, while maximising jump height. Hands were maintained on the hips for the
duration of the jump to eliminate any contribution of arm swing. RSI was calculated
by dividing jump height (cm) by ground contact time (ms) (Flanagan et al., 2008), with
the highest value used for analysis. Coefficients of variation for RSI from a dropheight of 43cm have been reported as 7.3% (Cockburn et al., 2010), with intra-trial
and inter-trial CVs from a drop height of 30cm reported as <12% and <6%,
respectively (Brown et al., 2015).

3.13 Measurement of Sprint Performance
All studies measured 20m sprint performance. Study 3 and 4 also determined split
5m and 10m sprint times. Sprint times, from a standing start 20cm behind the start
line, were measured using timing gates (Microgate Racetime 2, Bolzano, Italy). Each
participant was instructed to sprint through the timing gates as fast as possible,
completing three sprints in total, with a rest time of 120s between trials. The fastest
sprint time was used for analysis. Interclass correlations from reliability trials at IT
Carlow for this protocol are 0.89 - 0.98, with CVs previously reported as <2% (Brown
et al., 2015).

3.14 Statistical Analysis
Data for all investigations were analysed by making probabilistic magnitude-based
inferences about the true value of outcomes, as described by Batterham and Hopkins
(2006). This approach to data analysis is a move away from traditional null
hypothesis testing and has become more common in sport and exercise research,
including nutrition intervention investigations (Rowlands et al., 2008; Highton et al.,
2013; Braakhuis et al., 2013; D’Lugos et al., 2016; Ormsbee et al., 2016). There is a
growing feeling that null hypothesis testing is flawed given that a p value cannot
measure the probability that the hypothesis is true and cannot measure the size of an
effect or the importance of a result (Bernards et al., 2017). The term ‘significant’ has
become synonymous with ‘important’ (Cumming, 2014) when, in fact, a significant
statistic (P<0.05) could represent an effect that is clinically or practically irrelevant
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(Batterham and Hopkins, 2006). Furthermore, the application of an arbitrary p value
which focuses on absolute effect versus non-effect is inconsistent considering that
with any investigation there is never ‘no effect’ (Batterham and Hopkins, 2006). By
defining the smallest practical or biological effect, the probability of a worthwhile
effect with inferential descriptions is possible. Thus, magnitude based inference is a
solution to traditional null-hypothesis testing (Wilkinson, 2014). Despite it being
shown that MBI outperforms null hypothesis testing in terms of Type I and Type II
error rates (Hopkins and Batterham, 2016), there has been recent criticism of MBI
with regard to error rates (Sainani, 2018). In particular, Sainani (2018) criticised the
MBI definitions of Type I and Type II errors, and stated that the error rates may be 2or 3- times those of null hypothesis significance testing, depending on the sample
size. In response, Hopkins and Batterham (2018), commenting on simulations for the
determination of error rates in the use of MBI, reinforced the lower error rates with
this statistical method. Specifically, they descrbed Type I error rates of 2.8% (clinical)
and 0.8% (non-clinical), comparable or lower than the reported 2.5% Type I error rate
with NHST (2.5%). With Type II errors, when the true effect was harmful the error
rate was only 0.2%. They, however, acknowledge the higher error rate with MBI
when the true effect was beneficial (12%). Hopkins and Batterham (2018) recognise
that MBI can still be improved, particularly in relation to the rules for acceptable
uncertainty in both clinicial and non-clinical settings. At this point, the author believes
that MBI represents a trustworthy mechanism for representing the uncertainty in
effects and provides a useful and practical insight into the outcomes of the studies in
this thesis. .

Within-group effects over time and the effect of MILK versus CHO were determined
using published spreadsheets (Hopkins, 2006a and 2006b, respectively). In Study 1
male-female comparisons were completed with a spreadsheet for combining
outcomes from several subject groups (Hopkins, 2006c). Comparisons were made
between baseline and 2h (bloods only) 24h 48h, 72h and 96h (Study 4 only) postexercise. Data for peak torque, RFD, CMJ, RSI, sprint performance and serum
markers were log-transformed to overcome heteroscedastic error (Nevill and Lane
2007). Muscle soreness values and DALDA scores were not log-transformed
because of interval scaling (Nevill and Lane, 2007). Means of log-transformed data
were then back transformed to provide mean percentage change and percentage
SD. Serum markers of muscle damage are, however, reported as factors because of
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large percentage changes (Hopkins, 2003). The smallest worthwhile effect for muscle
function variables was the smallest Cohen change in the mean: 0.2 times the
between-subject SD for the baseline values of all participants (Batterham and
Hopkins, 2006). The smallest worthwhile effect was 1.0 for muscle soreness and
tiredness and 1.1 for blood variables (Hopkins, 2017). Chances of benefit and harm
were assessed qualitatively as follows: <0.5% most unlikely, 0.5-5% very unlikely, 525% unlikely, 25-75% possibly, 75-95% likely, 95-99.5% very likely, >99.5% most
likely (Hopkins, 2017). Effects with confidence limits across a likely small positive or
negative change were classified as unclear (Hopkins et al., 2009). Unclear outcomes
with an odds ratio greater than 66 are declared clear (Hopkins, 2017). Effect Size
(ES) magnitudes were calculated as the difference in means/SD for both groups and
were qualified as follows: trivial, 0.0-0.2; small, 0.2-0.6; moderate, 0.6-1.2; large, 1.22.0; very large, 2.0-4.0; extremely large, 4.0. (Hopkins et al., 2009). ES thresholds
for measures of soreness and tiredness were set at 10%, 30%, 50%, 70% and 90%
of the VAS range for small, moderate, large, very large and extremely large,
respectively.
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Chapter 4: The Effect of Milk on the Attenuation of ExerciseInduced Muscle Damage in Males and Females
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4.1

Introduction

Unaccustomed eccentric exercise is known to cause mechanical stress resulting in
morphological changes within the muscle (Hortobágyi et al., 1998; Lauritzen et al.,
2009), with initial damage occurring immediately after the muscle insult (Friden et al.,
1983) and further damage evident 1-3 days after the exercise stress (Clarkson and
Sayers, 1999; Friden and Lieber, 1992; Newham et al., 1983). Furthermore, losses in
muscle force (Lavender and Nosaka, 2008) increased muscle soreness (Kanda et
al., 2013; Nosaka et al., 2006), decreased agility (Highton et al., 2009), decreased
proprioception (Saxton et al., 1995) and increased serum muscle proteins (Tsatalas
et al., 2013; Sorichter et al., 2001) have been noted, some of which would impact an
athlete’s ability to parcitipate in training or competition.

Numerous investigations have examined the effects of nutritional interventions on the
attenuation of these symptoms of mechanical stress or Exercise Induced Muscle
Damage (EIMD), including protein (Dahlstrom Burnley et al., 2010), whey protein
(Buckley et al., 2010), branched chain amino acids (da Luz et al., 2011; Howatson et
al., 2012), leucine (Kirby et al,. 2012), creatine (McKinnon et al., 2012), antioxidants
(Avery et al., 2003; Beaton et al., 2002) and caffeine (Maridakis et al., 2007). Studies
examining the effects of carbohydrate-protein consumption on EIMD have presented
inconsistent results. While a number of investigations have shown a positive effect
(Samadi et al., 2012; Baty et al., 2007; Bird et al., 2006;), others have not (Glynn et
al., 2013; Green et al., 2008; White et al., 2008; Wojcik et al., 2001). Individual
variability, especially in changes in creatine kinase, and differences in the exercise
protocols used to induce muscle damage are possible reasons for these
discrepancies (Sousa et al., 2014). More recently, studies have examined the effects
of available foods on markers of EIMD including cherry juice (Howatson et al., 2010;
Connolly et al., 2006), spinach (Nakhostin-Roohi et al., 2012) and blueberries
(McLeay et al., 2012). Cockburn et al., (2010; 2008) has shown that the consumption
of milk immediately post-eccentrically biased exercise enhances recovery from EIMD
in male sports participants. Milk ingestion resulted in an attenuation of peak torque
losses, reactive strength index losses and Creatine Kinase (CK) and Myoglobin (Mb)
increases at 48h and 72h post-muscle damaging exercise. Furthermore, an
investigation with male soccer players demonstrated that intake of 500 ml of milk
post eccentric exercise resulted in a possible attenuation of the increase in 10 m and
15 m sprint times during the Loughborough Intermittent Shuttle Test and a likely
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benefit in limiting decreases in agility performance (Cockburn et al., 2013). Given that
milk is readily available and inexpensive, it makes it an ideal consideration for
recovery nutrition. However, no studies have investigated the effects of milk
consumption on markers of muscle damage in females.

Results from numerous animal studies suggest that oestrogen may attenuate some
of the effects of muscle damage (Stupka and Tiidus, 2001; Komulainen et al., 1999;
Amelink and Bar et al., 1988; Amelink and Bar, 1986) but studies from humans are
far more inconclusive. Neither Staron et al., (1992) nor Stupka et al., (2000)
observed any male-female differences in the damage observed in muscle biopsy
samples taken post-eccentric exercise. Studies investigating other markers of muscle
damage are inconclusive with some reporting greater force loss in females (Sewright
et al., 2008; Sayers and Clarkson, 2001) and others reporting no difference (Power et
al., 2010; Hubal et al., 2008; Kerksick et al., 2008). Similarly with muscle soreness, a
number of investigations have found higher soreness in males (Dannecker et al.,
2012; Kerksick et al., 2008), with others reporting no sex difference (Sewright et al.,
2008; Dannecker et al., 2005; 2008;).

A recent study concluded that female participants are under-represented in sports
and exercise research, comprising only 39% of participants across 1382
investigations (Costello et al., 2014). Furthermore, sex representation in studies
investigating the management of delayed onset of muscle soreness ranged from only
16-36% (Costello et al., 2014). Given that there is conflicting evidence regarding sex
differences in the response to eccentrically biased exercise, it is difficult to
extrapolate to females the effects that nutritional interventions may have on
attenuating the effects of EIMD from investigations with predominantly male
participants. Therefore, the aim of this investigation is to examine the effect of milk
consumption on muscle damage in male and female team sport participants.

4.2

Methods

4.2.1 Participants
Thirty two team sport players (male n=16; female n=16) participated in the study.
Mean (±SD) height, body mass and age for male participants was 177.9 ± 6.2 cm,
80.1 ± 10.8 kg, 23.7 ± 3.4 years, respectively and for females was 165.4 ± 5.5 cm,
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63.3 ± 5.8 kg, 21.9 ± 2.1 years, respectively. Volunteers completed a medical health
screening questionnaire and were excluded from the study if they met any of the
criteria detailed in Section 3.2. Following verbal and written briefings, written
informed consent was provided by all participants. Ethics approval was granted by
the Faculty of Health and Life Sciences Research Ethics Committee at Northumbria
University.

4.2.2 Study design
The study utilised an independent group design that required participants to visit the
laboratory on five separate occasions (Figure 4.1). Female participants were tested
during the follicular phase of their menstrual cycle as in previous muscle damage
investigations utilising females (Stupka et al., 2000; Dannecker et al., 2012, 2013).
The first visit comprised familiarisation of all performance variables, following which
participants were randomly but equally divided into four groups: Male Milk (MM),
Male Carbohydrate (MC), Female Milk (FM) and Female Carbohydrate (FC). Groups
were matched according to peak torque of the dominant leg knee extensors at 60°/s
(Male 206.1 ± 48.9 v 206.4 ± 52.9 Nm, trivial; Female 148.7 ± 22.4 v 148.0 ± 28.6
Nm, trivial difference). Visits 2, 3, 4 and 5 were conducted on consecutive days no
more than 7 days after familiarisation, with all visits taking place at the same time of
day following an overnight fast and 24h abstinence from alcohol, caffeine and
exercise. Following baseline measures (serum proteins, peak torque,
countermovement jump, 20m sprint and muscle soreness), a bilateral eccentric
protocol designed to induce muscle damage on the knee flexors was completed.
Participants returned to the laboratory at 24h, 48h and 72h post muscle damaging
exercise to repeat baseline measures. Participants were requested to refrain from
strenuous activity for the duration of the study and from treating the symptoms of
muscle damage and soreness with interventions such as nutritional supplements,
massage, cryotherapy and non-steroidal anti-inflammatory drugs.
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Figure 4. 1 Schematic of Study Design

4.2.3 Nutritional intervention and dietary control
Immediately following the eccentric exercise protocol on Visit 2, participants were
provided with either 500ml of milk or 500ml of an energy-matched carbohydrate
solution as described in Section 3.4. Food diary analysis revealed unclear outcomes
for comparisons of carbohydrate, protein, fat or dairy intake between the male groups
and between the female groups over the experimental period.

4.2.4 Muscle damaging exercise
Muscle damage was induced in the hamstrings of both legs through the completion
of 6 sets of 10 repetitions of eccentric-concentric contractions at an angular velocity
of 60°/s on an Biodex System 3 isokinetic dynamometer (Biodex Medical System,
NY, USA), with 90s rest between sets and 4min between legs, during which time
participants remained seated on the dynamometer, as previously described and
shown to induce EIMD (Cockburn et al., 2008, 2010, 2012). Participants were
instructed to apply maximal resistance to the lever arm during the eccentric phase of
each repetition and to return their leg to the starting position with minimal effort
during the concentric phase. Verbal encouragement was given throughout.
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4.2.5 Peak torque
Participants completed 3 repetitions of bilateral maximal knee flexion at 60 and
180°/s. Refer to Section 3.9 for more detail.

4.2.6 Muscle soreness
Passive and active muscle soreness was measured on a visual analogue scale
(VAS), as detailed in Section 3.6.

4.2.7 20m sprint
20m sprint time from was measured using timing gates as described in Section 3.13.

4.2.8 Countermovement jump height
Countermovement jump height was determined as described in Section 3.11.

4.2.9 Creatine kinase and skeletal troponin I
Skeletal troponin I and creatine kinase were determined from venous blood samples
collected from a vein in the anti-cubital fossa using venepuncture. See Section 3.8.1
(CK) and Section 3.8.2 (sTnI) for details.

4.2.10 Statistical analysis
Data was analysed by making probabilistic magnitude-based inferences about the
true value of outcomes. Please refer to Section 3.14 for details.

4.3

Results

4.3.1 Within-group effects
Analysis of within-group effects revealed post-exercise decreases in peak torque,
CMJ and sprint performance, increases in serum CK, sTnI and in muscle soreness.
Mean effects ± 90%CI, with qualitative inferences and magnitude of effect, are
presented in Table 4.1.

99

Table 4. 1 Within-group effects over time for dependent variables
Variable

Peak Torque
60◦/s Flexion
MALE MILK

MALE CHO

FEMALE MILK

FEMALE CHO

Peak Torque
180◦/s Flexion
MALE MILK

MALE CHO

FEMALE MILK

FEMALE CHO

CMJ
MALE MILK

MALE CHO

FEMALE MILK

FEMALE CHO

20m sprint
MALE MILK

Timeframe

Mean effect, ±
Qualitative inferenceb
90% CI or Factor
effect x/÷
90%CIa

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72

-7.9, ±8.37
-24.4, ±23.6
-18.3, ±26.3
-10.6, ±12.0
-31.6, ±21.2
-30.8, ±17.4
-10.6, ±9.0
-13.2, ±14.7
-12.2, ±16.5
-21.4, ±9.8
-37.0, ±14.1
-34.0, ±12.7

Small decrease*
Moderate decrease**
Small decrease**
Small decrease**
Moderate decrease**
Large decrease***
Moderate decrease**
Moderate decrease**
Moderate decrease**
Moderate decrease***
Large decrease***
Large decrease***

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72

-6.5, ±12.8
-18.6, ±20.3
-15.9, ±19.0
-17.0, ±16.7
-34.5, ±24.6
-25.9, ±21.0
-6.5, ±7.4
-4.5, ±16.8
-3.4, ±19.7
-12.6, ±7.4
-30.7, ±18.4
-27.5, ±12.2

Small decrease*
Moderate decrease*
Moderate decrease**
Moderate decrease**
Large decrease**
Large decrease***
Moderate decrease*
Trivial decrease*
Unclear
Moderate decrease***
Moderate decrease***
Moderate decrease***

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72

-1.5, ±2.6
0.4, ±3.0
1.8, ±2.2
-1.7, ±3.5
-6.7, ±11.8
-2.4, ± 6.0
-0.8, ±4.1
-0.9, ±3.8
0.3, ±4.0
-1.2, ±2.7
-2.0, ±4.1
-2.5, ±3.5

Trivial decrease*
Trivial*
Unclear
Trivial decrease*
Small decrease**
Small decrease*
Trivial decrease*
Trivial decrease*
Unclear
Trivial**
Trivial decrease*
Small decrease*

B-24
B-48
B-72

2.0, ±1.5
2.4, ±3.3
0.9, ±2.2

Small decrease**
Moderate decrease**
Small decrease*

100

Qualitative inferenceb

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72

Mean effect, ±
90% CI or Factor
effect x/÷
90%CIa
0.9, ±1.3
3.3, ±3.5
2.2, ±2.5
1.4, ±1.7
1.5, ±2.2
0.0, ±1.9
1.9, ±1.9
5.0, ±4.6
2.6, ±2.6

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72

2.6 x/÷ 1.5
4.1 x/÷ 3.1
10.9 x/÷ 4.5
3.2 x/÷ 1.6
13.6 x/÷ 2.8
38.4 x/÷ 2.7
2.8 x/÷ 1.6
5.6 x/÷ 3.3
22.8 x/÷ 2.3
2.5 x/÷ 2.2
9.6 x/÷ 4.3
47.8 x/÷ 3.7

Moderate increase***
Extremely large increase***
Extremely large increase***
Large increase****
Extremely large increase****
Extremely large increase****
Very large increase****
Extremely large increase***
Extremely large increase****
Moderate increase***
Extremely large increase***
Extremely large increase ****

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72

0.9 x/÷ 2.4
3.4 x/÷ 5.4
15.9 x/÷ 3.2
1.1 x/÷ 1.8
5.6 x/÷ 3.1
31.5 x/÷ 2.0
0.9 x/÷ 2.3
1.3 x/÷ 1.9
69.6 x/÷ 3.1
0.4 x/÷ 9.6
2.8 x/÷ 2.5
66.4 x/÷ 3.8

Unclear
Extremely large increase**
Extremely large increase****
Unclear
Extremely large increase***
Extremely large increase****
Unclear
Very large increase*
Extremely large increase****
Unclear
Very large increase***
Extremely large increase****

B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48
B-72
B-24
B-48

2.0, ±0.6
4.1, ±0.8
3.3, ±1.0
3.0, ± 0.6
4.9, ±1.6
4.9, ±0.9
2.6, ±1.1
4.4, ±1.4
2.9, ±1.4
3.3, ±0.7
6.0, ±0.9

Small increase****
Moderate increase****
Moderate increase****
Moderate increase****
Moderate increase****
Moderate increase****
Small increase****
Moderate increase****
Smal increase***
Moderate increase****
Large increase****

Variable

Timeframe

MALE CHO

FEMALE MILK

FEMALE CHO

Creatine Kinase
MALE MILK

MALE CHO

FEMALE MILK

FEMALE CHO

sTnI
MALE MILK

MALE CHO

FEMALE MILK

FEMALE CHO

Passive
Soreness
MALE MILK

MALE CHO

FEMALE MILK

FEMALE CHO
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Small decrease*
Moderate decrease**
Small decrease**
Small decrease**
Small decrease*
Trivial decrease*
Small decrease**
Large decrease**
Moderate decrease**

Variable

Timeframe

B-72

Mean effect, ±
Qualitative inferenceb
90% CI or Factor
effect x/÷
90%CIa
4.6, ±0.8
Moderate increase****

Active Soreness
(Dom)
MALE MILK
B-24
2.8, ±0.9
Small increase****
B-48
4.6, ±1.3
Moderate increase***
B-72
3.3, ±1.6
Moderate increase***
MALE CHO
B-24
3.5, ±1.1
Moderate increase****
B-48
5.5, ±1.6
Large increase****
B-72
5.5, ±1.3
Large increase****
FEMALE MILK
B-24
3.0, ±0.9
Moderate increase****
B-48
5.1, ±1.5
Large increase****
B-72
4.3, ±1.4
Moderate increase****
FEMALE CHO
B-24
4.6, ±1.7
Moderate increase****
B-48
6.0, ±1.3
Large increase****
B-72
5.0, ±1.6
Large increase****
Active Soreness
(Non dom)
MALE MILK
B-24
2.9, ±0.8
Small increase****
B-48
4.6, ±0.9
Moderate increase****
B-72
3.9, ±1.3
Moderate increase****
MALE CHO
B-24
3.6, ±0.9
Moderate increase****
B-48
5.5, ±1.6
Large increase****
B-72
5.1, ±1.0
Large increase****
FEMALE MILK
B-24
4.1, ±1.2
Moderate increase****
B-48
5.4, ±1.7
Large increase****
B-72
4.0, ±2.1
Moderate increase***
FEMALE CHO
B-24
4.6, ±1.5
Moderate increase****
B-48
5.6, ±1.4
Large increase****
B-72
5.5, ±0.9
Large increase****
a± 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference; bQualitative Inference represents the
likelihood that the true value will have the observed magnitude
*Possible, **Likely, ***Very Likely, ****Most likely
4.3.2 Between-group effects
Peak torque 60/°s dominant knee flexion
Immediately prior to the muscle damaging exercise, peak torque values for dominant
leg flexion at 60/°s for MM and MC were 111.2 ± 25.2 and 122.5 ± 24.9 Nm,
respectively. Corresponding values for females, FM and FC, were 77.7 ± 9.7 and
86.9 ± 19.5 Nm. Changes in peak torque at 60/°s for dominant knee flexion can be
seen in Figure 4.2.
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Figure 4. 2 Change in peak torque at 60/°s for dominant knee flexion in
response to mechanical stress for MM, MC, FM and FC.
Inset shows Males (■) versus Females (○). Values are presented as means ±
SD. **Likely benefit of milk (FM v FC). ***Very likely benefit of milk (FM v FC).
For males, changes in the peak torque of the dominant leg at 60°/s between baseline
and 24h of those consuming milk and those consuming carbohydrate were -7.3 ±
11.4 % and -9.3 ± 17.1 %, respectively; an unclear outcome. For females, the
changes in peak torque at this time point were -9.7 ± 14.1 and -20.4 ± 12.8 % for
those consuming milk and those consuming carbohydrate; a likely large beneficial
effect (ES=0.68) of milk consumption. Between baseline and 48h there was an
unclear outcome for the consumption of milk for males, with changes in peak torque
of -18.8 ± 30.9 % and -26.8 ± 25.2 % for MM and MC, respectively. For females,
there was a very likely, very large benefit (ES=1.37) of consuming milk (-11.3 ± 18.9
%) compared to consuming carbohydrate (-34.4 ± 19.2 %). Changes in peak torque
between baseline and 72h for males show an unclear outcome for the consumption
of milk (-12.1 ± 32.5 % and -22.4 ± 23.0 % for MM and MC, respectively). A very
likely large benefit of milk (ES=0.64) was seen for females (-9.3 ± 23.5 %) compared
to consuming carbohydrate (-32.0 ± 17.9%). An additional likely large benefit
(ES=0.69) of consuming milk compared to consuming carbohydrate was seen for
females between 24h and 48h and from 24-72h.
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Sex comparisons across all timepoints provided unclear outcomes except between
baseline and 24h, where males had a possible small (ES=0.21) attenuated loss of
force in comparison to females (-8.3 ± 14.1 % v -13.2 ± 12.8 %) and between 48h
and 72h where males demonstrated a likely trivial enhanced recovery (3.1 ± 13.2 % v
2.2 ± 9.5 %).

Peak torque 180°/s dominant knee flexion
At baseline, the peak torque values at 180°/s for the dominant leg of males
consuming milk and males consuming carbohydrate were 86.1 ± 17.5 Nm and 97.8 ±
14.4 Nm, respectively. The corresponding values for females consuming milk and
females consuming carbohydrate were 57.4 ± 11.7 Nm and 65.1 ± 16.0 Nm. For
males, changes in the peak torque of the dominant leg at 180°/s between baseline
and 24h of those consuming milk and those consuming carbohydrate were -5.1 ±
16.2 %, and -14.7 ± 18.2 %, respectively; an unclear outcome. Changes in the peak
torque of females consuming milk and females consuming carbohydrate were -5.3 ±
15.9 % and -12.0 ± 11.4 %, respectively, indicating a possible small beneficial effect
(ES=0.33) for milk consumption. A comparison of MM v MC (-13.5 ± 27.9 % v -28.0 ±
29.8 %) from baseline-48h was unclear. A comparison of FM v FC (-1.8 ± 24.0 % v 27.2 ± 22.6 %) indicated a likely large beneficial effect (ES=1.23) for the consumption
of milk. Between baseline and 72h there was an unclear outcome for the
consumption of milk for males, with changes in peak torque of -10.7 ± 31.0 % and 21.0 ± 25.2 % for MM and MC, respectively. For females, there was a likely trivial
benefit (ES=0.14) of consuming milk (12.5 ± 56.9 %) compared to consuming
carbohydrate (-25.8 ± 16.9 %). An additional likely large benefit (ES=0.9) of
consuming milk was seen for females from 24-48h (-1.6 ± 13.6 % v -14.1 ± 16.1%)
and a very likely large benefit (ES=1.20) from 24-72h (0.4 ± 14.7 v -11.7 ± 15.1).
Sex comparisons for all timepoints provided unclear outcomes, except between 24
and 48h, where a possible trivial positive effect was observed for F v M (-7.8 ± 15.8 v
-14.6 ± 23.8).

A summary of the statistical analysis for peak torque of the dominant leg at 60/°s and
180/°s can be seen in Table 4.2.
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Table 4. 2 Effects on decreases in peak torque of the dominant leg at 60°/s and
180°/s following mechanical stress
Comparison

Time
frame

Peak torque
60
Mean effecta
± 90% CIb

MM v MC

B – 24
B – 48
B – 72
B – 24
B – 48

3.1, ±14.2
10.5, ±42.2
18.0, ±41.4
13.6, ±16.5
37.7, ±33.5

Qualitative
Inferencec

Peak
torque 180
Mean
effecta ±
90% CIb

Qualitative
Inferencec

Unclear
12.7, ±23.8
Unclear
Unclear
24.2, ±50.7
Unclear
Unclear
13.6, ±39.3
Unclear
¥
FM v FC
Large benefit**
7.0, ±14.2 Small benefit*
Very large
37.9, ±38.3
Large
benefit***
benefit**
B – 72 33.0, ±32.1
Large benefit***
42.6, ±43.6 Small benefit**
M v F†
B – 24
6.7, ±8.0
Small benefit*
-1.2, ±8.8
Unclear
B – 48
-1.1, ±2.4
Unclear
-6.3, ±15.5
Unclear
B – 72
1.0, ±14.6
Unclear
-1.4, ±15.8
Unclear
¥Large benefit** also at 24-48h (60°/s and 180°/s), 24-72h (60°/s and 180°/s); †Trivial
effect** 48-72h (60°/s), Trivial effect* at 24-48 (180°/s)
a Mean effect refers to the first group minus the second group
b ± 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude
*Possible, **Likely, ***Very likely, ****Most likely

Countermovement jump performance
Baseline countermovement jump heights prior to the damaging inducing exercise for
males consuming milk and males consuming carbohydrate were 39.3 ± 3.9 cm and
40.1 ± 4.4 cm, respectively. The jump heights for females consuming milk and
females consuming carbohydrate were 27.5 ± 2.4 cm and 29.8 ± 3.8 cm,
respectively. At 24h post muscle damaging exercise a comparison of the changes
from baseline for MM v MC (-1.5 ± 3.5 % v -1.6 ± 5.1 %) and FM v FC (-0.7 ± 6.0 % v
1.0 ± 6.2 %) were unclear. Similarly, at baseline-48h male (0.5 ± 4.2 % v -5.6 ± 13.8
%, MM v MC) and female (0.8 ± 5.7 % v -1.6 ± 9.5 %, FM v FC) comparisons were
unclear. Between baseline and 72h, there was an unclear outcome for the
consumption of milk for males with changes in countermovement jump height of 1.9 ±
4.7 % and -2.1 ± 8.9 % for MM and MC respectively, though a possible small benefit
(ES=0.35) for the consumption of milk was found at 24-72h (3.4 ± 4.7 % v -0.4 ± 7.4
%, MM v MC). Between baseline and 72h, an unclear effect was seen for females
consuming milk (0.4 ± 5.3 %) compared to females consuming carbohydrate (-2.1 ±
9.4 %). However, a possible small (ES=0.24) and trivial benefit (ES=0.17),
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respectively, for milk in attenuating losses in countermovement jump height in
females was seen following the consumption of milk at 24-72 h (1.1 ± 2.9 % v -1.1 ±
5.2 %, FM v FC) and 48-72h (1.2 ± 2.9 % v -0.5 ± 2.4 %, FM v FC), compared to the
consumption of carbohydrate.

Sex comparisons indicated a very likely trivial effect for females versus males
(females demonstrated a smaller reduction in performance) from baseline to 24h (1.6 ± 4.2 % v -0.9 ± 5.9 %, M v F), and baseline-48h (-2.5 ± 10.4 % v -1.2 ± 7.6 %, M
v F) and a most likely trivial effect from 24-48h (-1.0 ± 9.4 % v -0.3 ± 4.3 %, M v F). A
likely trivial effect for males versus females was observed at baseline-72h (-0.1 ± 7.2
% v -0.8 ± 7.5%, M v F), 24-72h (1.5 ± 6.3 % v 0.0 ± 4.2 %, M v F) and 48-72h (2.5 ±
7.2 % v 0.4 ± 2.7 %, M v F). A summary of the statistical analysis for
countermovement jump can be seen in Table 4.3.

20m sprint performance
Initial 20m sprint times, prior to muscle damaging exercise were 3.19 ± 0.11 s and
3.16 ± 0.11 s for males who consumed milk and males who consumed carbohydrate,
respectively. Baseline 20m sprint times for females who consumed milk and females
who consumed carbohydrate were 3.62 ± 0.12 s and 3.53 ± 0.13 s, respectively.
Changes in 20m sprint performance can be seen in Figure 4.3.
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Figure 4. 3 Change in 20m sprint performance in response to mechanical
stress for MM, MC, FM and FC.
Inset shows Males (■) versus Females (○). Values are presented as means ±
SD. **Likely benefit of milk (FM v FC).
For males, changes in the 20m sprint time between baseline and 24h of those
consuming milk and those consuming carbohydrate were 3.3 ± 2.1 % and 7.0 ± 1.9
%, respectively, with an unclear outcome. At this time there was also an unclear
outcome for a comparison between females who consumed milk (1.5 ± 2.3 %) and
females who consumed carbohydrate (2.0 ± 2.6 %). Changes in 20m sprint times
between baseline and 48h for males (4.2 ± 4.9 % and 2.4 ± 38.6 % for MM and MC,
respectively) and females (1.5 ± 3.6 % and 5.2 ± 6.6 % for FM and FC, respectively)
were unclear. Between baseline and 72h, changes in the 20m sprint time of males
consuming milk and males consuming carbohydrate were 3.3 ± 4.6 % and 3.0 ± 6.9
%, respectively; an unclear outcome. A likely moderate benefit (ES=0.65) for females
consuming milk (0.0 ± 3.0 %) compared to females consuming carbohydrate (2.7 ±
3.6 %) was indicated over this timeframe. Furthermore, for males consuming milk, a
likely moderate beneficial effect (ES=1.05) was seen between 24h and 72h. In
addition, for females, a likely moderate and small benefit, respectively, for the
consumption of milk in attenuating decreases in sprint performance was observed
24-48h (0.0 ± 3.1% v 3.2 ± 4.6 %, FM v FC, ES=0.82) and 24-72h (-1.4 ± 2.1 % v 0.7 ± 2.1 %, FM v FC, ES=0.54).
107

Male-female comparisons indicated a trivial effect (males demonstrated a smaller
increase in sprint time) from baseline to 24h (1.5 ± 2.0 % v 1.7 ± 2.4 %, M v F). A
likely negative effect for males compared to females (9.8 ± 27.6 % v 3.3 ± 5.5 %, M v
F) and a possible negative effect for males compared to females (1.3 ± 5.9 % v -0.4 ±
2.3 %, M v F) was observed from baseline-48h and 24-72h, respectively; indicating
that females demonstrated a smaller increase in sprint time. A possible trivial effect
(2.8 ± 5.9 % v 1.3 ± 3.5 %, M v F) was seen from baseline-72h.

A summary of the statistical analysis for 20m sprint performance can be seen in
Table 4.3.

Table 4. 3 Effects on decreases in countermovement jump (CMJ) and 20m
sprint performance following mechanical stress
Comparison

Time
frame

MM v MC¥

B – 24
B – 48
B – 72
B – 24
B – 48
B – 72

CMJ
Mean effecta,
± 90% CIb
0.2, ±4.1
7.7, ±13.0
4.4, ±7.0
0.4, ±5.4
1.1, ±6.8
2.8, ±6.9

Qualitative
Inferencec
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear

20m Sprint
Mean effecta
± 90% CIb
1.0, ±1.8
-9.3, ±16.0
-3.1, ±4.8
-0.5, ±2.1
-3.4, ±4.2
-2.6, ±2.8

Qualitative
Inferencec

Unclear
Unclear
Unclear
FM v FC†
Unclear
Unclear
Moderate
benefit**
M v F‡
B – 24
-0.79, ±2.9
Trivial***
0.1, ±1.2
Trivial**
B – 48
-1.3, ±2.8
Trivial***
-2.8, ±2.8
Negative**
B – 72
0.7, ±4.1
Trivial**
-1.2, ±2.5
Trivial*
¥Small benefit* 24-72h (CMJ) and moderate benefit** 24-72h (20m sprint); †Small
benefit* 24-72h and trivial benefit* 48-72h (CMJ), moderate benefit** 24-24h and
small benefit** 24-72h (20m sprint); ‡ possibly negative for males 24-72h (20m
sprint)
a Mean effect refers to the first group minus the second group
b ± 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude
Muscle soreness
At 24h post muscle damaging exercise, all groups indicated an increase in passive
muscle soreness and active muscle soreness of both the dominant and nondominant legs. Soreness peaked at 48h for all. By 72h soreness had started to return
towards baseline values. Changes in passive soreness can be seen in Figure 4.4.
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Figure 4. 4 Passive muscle soreness in response to mechanical stress for MM,
MC, FM and FC.
Inset shows Males (■) versus Females (○). Values are presented as means ±
SD. *Possible benefit of milk (MM v MC). ****Very likely benefit of milk (FM v
FC).
Passive soreness
A comparison of changes in passive soreness for the period baseline-24h indicated a
likely small benefit of milk for males compared to carbohydrate (20.0 ± 9.3 % v 30.0 ±
9.3 %). An unclear outcome was seen for females consuming milk compared to
carbohydrate (26.3 ± 16.0 % v 32.5 ± 10.4 %).Changes in passive soreness from
baseline-48h had an unclear outcome for males consuming milk compared to males
consuming carbohydrate (41.3 ± 11.3 % v 48.8 ± 23.6 %), though a likely small
benefit of milk was seen for females at this time (43.8 ± 20.7 v 60.0 ± 14.1 %).
Between baseline and 72h there was a most likely moderate benefit of consuming
milk compared to consuming carbohydrate for males (32.5 ± 14.9 % v 48.8 ± 13.6
%). A most likely moderate benefit of milk was observed for females consuming milk
compared to females consuming carbohydrate (29.4 ± 21.1 % v 46.3 ± 11.9 %). All
other comparisons were unclear.

Sex comparisons indicated unclear outcomes for baseline-24h, baseline-48h and
baseline-72h. A most likely trivial positive effect for females (less soreness) and a
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very likely small positive effect for females compared to males was observed at 2472h (15.6 ± 10.9 % v 8.4 ± 20.0 %, M v F) and 48-72h (-4.4 ± 13.1 % v -14.1 ± 13.1
%, M v F).

Active muscle soreness
A comparison of increases in active soreness of the dominant leg from baseline-24h
indicated an unclear outcome for males who consumed milk compared to males who
consumed carbohydrate (27.5 ± 12.8 % v 35.0 ± 16.9 %). An unclear outcome was
also observed for FM v FC (30.0 ± 14.1 % v 40.3 ± 25.6 %). At baseline-48h there
were no clear differences between MM and MC (46.3 ± 20.0 % v 55.0 ± 23.3 %) or
between FM and FC (51.3 ± 22.3 % v 60.0 ± 20.0 %). Changes in soreness from
baseline-72h showed a very likely moderate benefit of milk for the MM group
compared to the MC group (32.5 ± 23.8 % v 55.0 ± 19.3 %). A comparison of the
soreness of the FM group to the FC group indicated a most likely large benefit of milk
(42.5 ± 21.2 % v 50.0 ± 23.9 %). All other comparisons for both sexs were unclear.
Sex comparisons at all timepoints were unclear.

Changes in active soreness of the non-dominant leg between baseline and 24h for
milk versus carbohydrate for both males (28.8 ± 12.5 % v 36.3 ± 13.0 %) and females
(40.6 ± 18.2 % v 46.3 ± 22.0 %) were unclear. From baseline-48h all comparisons
were unclear: MM v MC (46.3 ± 13.0 % v 55.0 ± 23.3 %), FM v FC (54.4 ± 24.7 % v
56.3 ± 20.7 %).

Comparisons of changes in soreness from baseline-72h showed a most likely very
large beneficial effect of milk for MM compared to MC (38.8 ± 18.9 % v 51.3 ± 14.6
%) and a very likely very large beneficial effect of milk for FM compared to FC (40.0 ±
31.2 % v 55.0 ± 14.1 %). All other comparisons were unclear.

Male-female comparisons provided unclear outcomes from baseline-48h, baseline72h and 48-72h. A likely moderate negative effect for females (greater soreness) was
observed from baseline-24h (32.5 ± 12.9 % v 43.4 ± 19.7 %m M v F). A likely
moderate positive effect for females (less soreness) was indicated from 24-48h (18.1
± 12.8 % v 11.9 ± 13.3 %, M v F) and from 24-72h (-5.6 ± 15.0 % v -7.8 ± 16.2 %, M
v F).
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A summary of the statistical analysis for passive and active soreness can be seen in
Table 4.4.

Table 4. 4 Effects on increases in passive soreness, dominant and nondominant leg active soreness following mechanical stress
Comparison

Time
frame

Passive Qualitative
Soreness Inferencec
Mean
effecta ±
90% CIb

MM v MC

B – 24

-1.0, ±0.8

B – 48

-0.8, ±1.7

B – 72

3.3, ±1.3

B – 24

-0.6, ±1.2

B – 48

-1.6, ±1.6

B – 72

4.3, ±1.5

FM v FC

M v F†

B – 24 -0.4, ± 0.7

Small
harm**
Unclear
Moderate
benefit*
Unclear
Small
harm**
Moderate
benefit****
Unclear

B – 48

-0.7, ±1.1

Unclear

B – 72

0.7, ±1.0

Unclear

AS
DOM
Mean
effecta
± 90%
CIb
-0.8, ±
1.3
-0.9, ±
1.9
3.3, ±
2.0
-1.6, ±
1.9
-0.9, ±
1.9
5.3, ±
1.6
-0.7, ±
1.1
-0.5, ±
1.2
-0.2, ±
1.3

Qualitative
Inferencec

Unclear
Unclear
Moderate
benefit***
Unclear
Unclear
Large
benefit****
Unclear
Unclear
Unclear

AS
NDOM
Mean
effecta
± 90%
CIb
-0.8,
±1.1
-0.9,
±1.7
4.3,
±1.5
-0.6,
±1.8
-0.2,
±2.0
-4.5,
±2.3
-1.0,
±1.0
-0.4,
±1.1
-0.3,
±1.2

Qualitative
Inferencec

Unclear
Unclear
Very large
benefit****
Unclear
Unclear
Large
benefit***
Small
harm**
Unclear
Unclear

†PS :Trivial effect**** for females 24-72h, small effect*** for females 48-72h; AS
NDOM trivial effect** 24-48h, 24-72h; AS DOM = Active Soreness Dominant leg; AS
NDOM = Active Soreness Non-Dominant leg
a Mean effect refers to the first group minus the second group
b ± 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude
*Possible, **Likely, ***Very Likely, ****Most likely

Skeletal Troponin I
Immediately prior to the muscle damaging exercise, serum sTnI values for MM and
MC were 783.2 ± 1327.0 pg/ml and 606.6 ± 552.3 pg/ml, respectively. The baseline
values for females who consumed milk and females who consumed carbohydrate
were 384.5 ± 145.7 and 464.8 ± 299.9 pg/ml, respectively. Percentage change for all
groups can be seen in Figure 4.5.
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From baseline-24h, a very likely trivial effect (ES=0.18) was observed for MM v MC
(0.87 x/÷ 3.27 v 1.07 x/÷ 2.26) and a likely small trivial effect (ES=0.2) for FM v FC
(0.86 x/÷ 3.44 v 0.52 x/÷ 3.61). Between baseline and 48h, the outcome was likely
trivial (ES=5.90) for MM v MC (3.20 x/÷ 7.81 v 5.40 x/÷ 3.91) and FM v FC (1.34 x/÷
3.00 v 2.77 x/÷ 2.75, ES=0.56). A likely trivial effect was also observed for MM v MC
(15.93 x/÷ 5.53 v 31.50 x/÷ 3.81, ES=0.54) and for FM v FC (27.79 x/÷ 4.39 v 54.55
x/÷ 3.05, ES=7.32) at B-72h. For males, a trivial effect for carbohydrate was seen 2448h in comparison to milk (3.02 x/÷ 5.17 v 4.97 x/÷ 2.66, MM v MC, ES=5.66) and a
trivial effect was observed 24-72h (18.29 x/÷ 3.98 v 29.38 x/÷ 4.3, MM v MC,
ES=6.59) . For females, a very likely trivial effect was seen at 48-72h (13.06 x/÷ 2.19
v 18.84 x/÷ 1.54, ES=7.48).

Sex comparisons indicated changes in sTnI values were trivial.
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Figure 4. 5 Serum sTnI values in response to mechanical stress for MM, MC,
FM and FC.
Inset shows Males (■) versus Females (○). Values are presented as means ±
SD.
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Creatine kinase
Serum creatine kinase values prior to muscle damaging exercise were 359.5 ± 449.6
U/l and 268.4 ± 346.9 U/l for males who consumed milk and males who consumed
carbohydrate, respectively. Baseline CK values for females who consumed milk and
females who consumed carbohydrate were 129.3 ± 92.2 U/l and 185.5 ± 176.6 U/l,
respectively.

For males, increases in CK between baseline and 24h for those consuming milk and
those consuming carbohydrate were 2.25 x/÷ 1.84 and 3.15 x/÷ 1.86, respectively; a
most likely trivial outcome (ES=0.41). For females, the increase in CK at this time
point was 2.80 x/÷ 2.61 and 2.54 x/÷ 2.27 for those consuming milk and those
consuming carbohydrate; a very likely trivial outcome (ES=0.29). Between baseline
and 48h, the changes in CK of 4.08 x/÷ 4.85 v 13.60 x/÷ 5.3 for MM and MC,
respectively; a possible moderate benefit for milk (ES=1.08). For females, there was
a likely trivial effect (ES-4.41) of consuming milk (5.63 x/÷ 8.87) compared to
consuming carbohydrate (9.62 x/÷ 6.38). The attenuated increase in CK observed in
MM v MC (10.91 x/÷ 7.52 v 38.41 x/÷ 5.85) from baseline to 72h was a possible very
large benefit of milk (ES=4.78). A trivial outcome was observed for FM v FC (22.81
x/÷ 11.94 v 47.82 x/÷ 5.13, ES=6.30) at this timepoint.

For males, likely trivial effect was indicated from 24-48h (1.81 x/÷ 3.00 v 4.31 x/÷
4.49, MM v MC) and from 24-72h (4.85 x/÷ 5.01 v 12.18 x/÷ 5.95, MM v MC). A most
likely trivial effect for milk was observed from 48-72h (2.68 x/÷ 2.32 v 2.83 x/÷ 1.85
%, MM v MC). For females, a likely trivial effect was seen at 24-48h (2.01 x/÷ 4.13 v
3.72 x/÷ 4.78, FM v FC). A possible benefit for milk was observed at 24-72h (8.15 x/÷
5.43 v 24.99 x/÷ 3.82 FM v FC) and a most likely trivial effect for milk was seen from
48-72h (4.05 x/÷ 2.57 v 5.65 x/÷ 1.53).

All sex comparisons for all timepoints were trivial.
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Table 4. 5 Effects on increases in sTnI and CK following mechanical stress
Comparison

Time
frame

sTnI
Mean
effecta x/÷
90% CIb

Qualitative
Inferencec

CK
Mean effecta
x/÷ 90% CIb

Qualitative
Inferencec

MM v MC

B – 24
B – 48

0.8 x/÷ 2.5
0.6 x/÷ 5.4

Trivial***
Trivial**

0.7 x/÷ 1.7
0.3 x/÷ 4.2

B – 72

0.5 x/÷ 3.9

Trivial**

0.3 x/÷ 5.4

B – 24
B – 48
B – 72
B – 24

1.7 x/÷ 4.8
0.5 x/÷ 2.8
0.5 x/÷ 4.3
1.0 x/÷ 2.6

Trivial**
Trivial**
Trivial**
Trivial****

1.1 x/÷ 2.5
0.6 x/÷ 7.0
0.5 x/÷ 7.2
0.9 x/÷ 1.7

Trivial****
Moderate
benefit*
Very large
benefit*
Trivial***
Trivial**
Trivial*
Most likely
trivial
Likely trivial
Likely trivial

FM v FC

MvF

B – 48 6.9 x/÷ 3.4
Trivial**
0.9 x/÷ 3.6
B – 72 0.9 x/÷ 1.9
Trivial**
0.8 x/÷ 2.7
a Mean effect refers to the first group minus the second group
b x/÷ 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude
*Possible, **Likely, ***Very likely, ***Most likely
4.4

Discussion

The results of this study indicate that the consumption of 500ml of milk post muscledamaging exercise can attenuate decreases in peak torque and 20m sprint
performance and increases in passive and active muscle soreness in female team
sport athletes, compared to the consumption of a volume and energy matched
carbohydrate drink. Milk consumption had trivial effects on sTnI, and a benefit on CK
was only seen for males from B-48h and B-72h. Compared to carbohydrate,
consumption of milk by males only had a minimal positive effect on muscle function,
though soreness and markers of membrane damage and muscle damage were
reduced. Overall, sex comparisons provided many unclear outcomes. However,
female participants showed smaller increases in sprint time, passive soreness, active
soreness (non-dominant leg) and sTnI values.

For females, the consumption of milk post-muscle damaging exercise was beneficial
in attenuating the loss of peak torque over the first 24, 48h and 72h at 60°/s and
180°/s. Milk consumption was also shown to be beneficial in attenuating reductions in
20m sprint performance and, to a lesser extent, countermovement jump
performance. The benefit of milk for females is in agreement with previous research
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with male athletes (Cockburn et al., 2008) and other studies that have looked at the
effect of carbohydrate-protein supplements post damaging exercise (Samadi et al.,
2012; Baty et al., 2007; Bird et al., 2006). Performance of a single bout of resistance
training exercise results in a 50-100% increase in muscle protein synthesis which
remains elevated for up to 48h post exercise (Phillips et al., 1997; Chelsey et al.,
1992). Previous research has indicated that the consumption of amino acids
following resistance training stimulates protein synthesis resulting in increased net
protein synthesis (Tipton et al., 2004; Miller et al., 2003; Børsheim et al., 2000).
Consuming amino acids and carbohydrate together has been shown to result in an
increased rate of protein synthesis that is greater than either nutrient alone
(Børsheim et al., 2004; Miller et al., 2003), though recent studies have not found this
(Glynn et al., 2013; Staples et al., 2011; Greenhaff et al., 2008), especially if protein
intake is sufficient to stimulate muscle protein synthesis maximally (Staples et al.,
2011). However, knowing that the consumption of milk results in an increase in
insulin (Gannon et al., 1986) and provides protein, milk may be a suitable beverage
for stimulating net protein synthesis and preventing protein breakdown. In support of
this, the consumption of milk post-resistance training has been shown to result in an
increase in amino acid availability, indicative of net muscle protein synthesis
(Wilkinson et al., 2007; Elliot et al., 2006), which may have been a factor in the
current study resulting in the observed attenuation of muscle function losses
following eccentric exercise. The provision of amino acids early in the post-exercise
period may have enhanced protein synthesis rates, which reach peak values within
2-3h after exercise (van Loon, 2014).

The effect of milk on recovery of muscle function post-eccentric exercise in males
was mostly unclear. This may have been due to the amount of protein in the volume
of milk provided. The amount of protein provided by the 500ml of milk was 17g. This
resulted in a slightly greater intake per kg of body mass for the female participants
(0.27g/kg) compared to the male participants (0.22g/kg). The lower relative intake of
protein may have been insufficient to maximally stimulate protein synthesis and
attenuate muscle function losses, with an overall intake of 17g being close to
sufficient for females but suboptimal for males. Previous research has shown that
20g of intact protein is sufficient to maximally stimulate muscle protein synthesis after
resistance exercise (Moore et al., 2009). Perhaps a greater intake of milk (and thus
protein) would have resulted in more positive effects for males. Furthermore, knowing
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the positive effect of whey protein on muscle protein synthesis (Tipton et al., 2004),
and the effect of leucine on protein synthesis via activation of the mTOR pathway
(Norton and Layman, 2006), it is possible that 500ml of milk did not provide enough
whey protein or leucine to facilitate maximal recovery, especially for male
participants.

The consumption of 500ml of milk post-exercise was beneficial in reducing passive
soreness in both males (B-24h, B-72h) and females (B-72h). This is in contrast to
previous studies (Cockburn et al., 2013; 2010; 2008), but in agreement with
Cockburn et al., (2012) who reported a positive effect of milk consumption on passive
soreness between baseline and 48h following EIMD. A benefit of milk in blunting
increases in active soreness for both dominant and non-dominant legs (B-72h) was
seen for males, an effect reported by Cockburn et al., (2010), with a similar response
for females. The exact mechanism of delayed onset muscle soreness has not been
elucidated, though soreness is associated with a series of events following
mechanical disruption of the muscle fibres. Following the initial muscle insult there is
an increase in intracellular calcium which stimulates degradative pathways resulting
in further disruption to the myofibrils (Armstrong, 1990). A subsequent inflammatory
response, along with oedema, results in nerve ending potentiation (Lewis et al.,
2012), which correlates with increased soreness (Proske and Allen, 2005). In the
current study, the consumption of milk may have resulted in less muscle damage and
thus a reduced inflammatory response and attenuation in soreness. More recently,
the role of bradykinin and nerve growth factor have been investigated in relation to
muscle soreness (Murase et al., 2010), though any effect of milk on this mechanism
is unknown.

In the current study, the consumption of milk post exercise had a trivial effect on sTnI
for males and females. Despite sTnI being skeletal muscle specific and its early
susceptibility to proteolysis making it ideal for early detection of exercise-induced
muscle damage (Sorichter et al., 2001), few studies have used sTnI as a muscle
damage marker. Similar to previous research that found attenuated CK increases
with the consumption of carbohydrate-protein solutions (Valentine et al., 2008; Baty
et al., 2007; Seifert et al., 2005; Saunders et al., 2004; 2007), the results of this
study indicated a beneficial effect of milk for males in attenuating CK increases.
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However, for female participants, a benefit of milk was only seen 24-72h and 48-72h,
indicating a different pattern in the appearance of CK in the blood.

sTnI and CK showed similar time course changes, with the highest values observed
72h post-muscle insult. The delayed appearance in the bloodstream is probably due
to the time taken for the proteins to enter the blood stream via the lymphatic vessels
(Lindena et al., 1979) and secondary damage as a consequence of calcium
increases (Sorichter et al., 1997; Armstrong, 1990). It is possible that the
consumption of milk reduced myofibrillar protein disruption via the ubiquitinproteosome system, resulting in a reduced accumulation of CK in the serum for
males. Furthermore, milk intake may have attenuated lysosomal breakdown of the
non-myofibrillar proteins of the muscle membrane, reducing the leakage of CK into
the serum. Still, it is important to note that in all groups CK at 72h was very high, with
values for MM, MC and FC greater than 10000 IU/l, indicating significant membrane
damage and possible rhabdomyolysis (Kokko, 2000). To this regard, interpreting the
effect of milk as being possibly beneficial may be misleading. However, no participant
reported visible haematuria and it is possible that severe eccentric exercise can
result in significant increases in CK without renal compromise (Clarkson et al., 2006).
Further investigation is required to determine why the CK response was different in
FM v FC compared to MM v MC.

In agreement with the results of this study, it has been previously suggested that
females may experience less muscle damage than males following eccentric
exercise perhaps because of a protective effect of oestrogen (Stupka and Tiidus,
2001; Koumulainen et al., 1999; Bar et al., 1988; Amelink and Bar, 1986). This may
be because oestrogen can act as an antioxidant (Tiidus et al., 1995, 2003), enhance
membrane stability (Kendall and Eston, 2002; Wiseman and Quinn, 1994), increase
the expression of heat shock proteins involved in protein assembly and maintenance
of protein structure (Bombardier et al., 2009; Milne and Noble, 2008), by increasing
nitric oxide synthase (Tiidus et al., 2011) stabilising calcium channels (Murphy and
Steenbergen, 2007) or by activating satellite cells (Enns and Tiidus, 2008). Research
has shown that female animals demonstrate less muscle damage than males (Tiidus,
2001; Tiidus et al., 2001). However, investigations with human participants have
reported equivocal findings. The results of the current study indicate that females
experienced a greater rate of recovery across most variables, suggesting that
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perhaps sex differences lie in the secondary phase of eccentric muscle injury
(Armstrong, 1990).

While a number of studies have indicated no sex differences in loss of muscle force
production following eccentric exercise (Power et al., 2010; Hubal et al., 2008;
Kerksick et al., 2008; Sayers and Clarkson, 2001; MacIntyre et al., 2000; Rinard et
al., 2000), the results of this study show greater losses of force production at 60°/s
from baseline to 24h in females compared to males. This is similar to that reported by
Sewright et al., (2008) though in that investigation the sex difference was only
observed immediately after the muscle insult and not for the subsequent ten days of
the experimental period. In the current study, from 24-48h there were no differences
in the pattern of force recovery at 60°/s in males and females, though males
recovered more quickly from 48-72h. Previous studies have observed an overall
faster recovery both in males (Power et al., 2013; Borsa and Sauers, 2000) and in
females (Joyce et al., 2014; Sayers and Clarkson, 2001; MacIntyre et al., 2000)
following eccentric exercise, perhaps reflecting different modes of exercise for
inducing damage and different recovery period durations.

Sex comparisons of muscle soreness were mostly unclear. Though female
participants had slightly higher soreness ratings throughout, they showed a faster
rate of recovery from 24-72h and 48-72h for passive soreness and 24-48h and 2472h for active soreness of the non-dominant leg. Recent reviews have not been in
agreement on whether sex differences exist in the experience of pain (Racine et al.,
2012; Le Resche, 2011). It has been suggested that oestrogen may have an effect
on the perception of pain and level of muscle soreness experienced following
damaging exercise by playing a role in the binding of opioids to receptors in the brain
and spinal cord, thereby modifying the transmission of pain (Kendall and Eston,
2002). Hoeger et al., (2008) reported greater muscular pain in females following
isometric exercise, though there are a number of investigations that have found that
females report lower soreness following eccentric exercise (Kerksick et al., 2008;
Dannecker et al., 2003; 2012). Nevertheless, the majority of studies have reported no
sex differences in pain intensity or pain unpleasantness following eccentric exercise
(Sewright et al., 2008; Dannecker et al., 2005; 2008; Nie et al., 2005; Poudevigne et
al., 2002; Rinard et al., 2000). Methodological variances in these studies (intensity of
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eccentric contractions, soreness measurement, participant characteristics) or other
influencing variables may account for lack of concurrence.

Both resting CK and CK concentration post-eccentric exercise were higher in males
than females, though there were no differences in the rates of recovery. Higher
resting reference intervals in males have been described (Mougios, 2007) and higher
post-eccentric exercise CK values in males have been reported in previous research
(Fernandez Gonzalo et al., 2014; Joyce et al., 2014; Sewright et al., 2008; Webber et
al., 1989). This contrasts with studies that have found no sex difference in CK
(Sorichter et al., 2001; Stupka et al., 2000) or higher values in females (Miles et al.,
1994). It is likely that higher values in males may be because of larger muscle mass
(Mastaloudis et al., 2006).

Similar to Sorichter et al., (2001) absolute sTnI values, both prior to and postdamaging exercise, were higher in males than females. However, unlike Sorichter et
al., (2001) who reported no sex differences in the relative sTnI increases compared
to baseline, analysis of the data in the current study found a different pattern of sTnI
accumulation in males and females. The increases in sTnI in males occurred at 24h,
while the increase in females occurred at 48h, though there was no difference in the
overall increase from baseline-72h.

Prior experience of eccentric exercise may have been an influencing factor. While all
participants were regularly training for their team sports, details of amount and
intensity of resistance training were not recorded. Though the exercise protocol used
in this study was novel in terms of the intensity and amount of eccentric exercise
performed, prior exposure to eccentric exercise as part of resistance training may
have provided a protective effect, resulting in less damage (McHugh, 2003).
The results of this study demonstrate considerable variability in the response of
individuals to the muscle damaging exercise, which affects conclusions that can be
made. Statistical analysis provided many unclear outcomes despite large differences
in the means. A larger number of participants in each group could have provided
more certain results. Similar variability has been reported frequently in muscle
damage investigations. It has been suggested that susceptibility of some individuals
to muscle disruption may be as a result of genetic vulnerability (Baird et al., 2012).
Individuals with specific genome variations may experience greater muscle
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disruption, calcium handling alterations and increased inflammation (Yamin et al.,
2008; Devaney et al., 2007; Clarkson et al., 2005). In addition, observed variability in
the current study may be as a result of variability in the uptake of amino acids in the
milk groups. Previous research has reported variability in response to nutrient
ingestion following exercise (Børsheim et al., 2004; Tipton et al., 2004; Miller et al.,
2003) which may be due to natural variability in the partitioning of amino acids
between splanchnic and peripheral tissues (Fouillet et al., 2002; Bos et al., 1999,
2003). Furthermore, the variability in the response to the eccentric exercise protocol
may be reflective of the level of fatigue experienced during the protocol (Hody et al.,
2013). Recently, Trost et al., (2011) reported that following the induction of DOMS,
pain-related fear predicted reduced maximal strength production and individual
decrements in strength performance. A fear of pain or reinjury in high-fear
participants following EIMD may explain some of the variance observed in the current
study, though further study in this area, including possible sex differences, is needed
before conclusions could be drawn.

The recovery period of 72h in this study was not sufficient for participants to fully
recover. A monitored recovery period of 96h or longer may have been adequate for
the observation of full recovery or differences between the groups. Moreover, as CK
generally peaks at 96h post EIMD (Clarkson and Hubal, 2002), it is likely that peak
CK and possibly peak sTNI values, were not seen and group differences may have
been noted at this time point. Future investigations should allow for this.
In conclusion, the consumption of 500ml of milk post-eccentric exercise can limit
decrements in muscle function and increases in muscle soreness in female athletes,
thus hastening recovery, and from a practical perspective, potentially maximising
subsequent training and performance. For male athletes, milk was beneficial in
attenuating increases in muscle soreness and CK. Sex comparisons showed smaller
increases in sprint time, passive soreness, active soreness (non-dominant leg) and
sTnI values in females, reinforcing the likelihood that oestrogen may offer a
protective effect for females post-eccentric exercise, though further investigation is
warranted in this area.
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Chapter 5: The Effect of Milk on Recovery From Repeat Sprint
Cycling
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5. 1

Introduction

Participation in exercise is known to result in both mechanical and metabolic
perturbations. Mechanical stress, primarily consequential to eccentric muscle actions,
results in morphological changes in the muscle (Lauritzen et al., 2009), with early
damage occurring immediately following the muscle insult (Friden et al., 1983) and
further damage evident 1-3 days after the exercise stress (Clarkson and Sayers,
1999). Isolated mechanical stress was the focus of the first study of this thesis.
Metabolic stess is evident by increases in metabolic flux through glycolytic and
oxidative pathways and increases in blood lactate, inflammation, oxidative stress,
aswell as markers of oxidative damage in the post-exercise period (Powers et al.,
2011). Such stresses lead to a subsequent decline in muscle function and increases
in muscle soreness which hinders the ability to perform exercise. In order to facilitate
a faster recovery and maintain subsequent training volumes, intensity and
performance, athletes employ a range of recovery strategies (Howatson and van
Someren, 2008).

Nutritional interventions are one such strategy and there is evidence that the
consumption of milk following eccentric exercise can attenuate decreases in muscle
function in males (Cockburn et al., 2012; 2010; 2008) and females (Rankin et al.,
2015, Chapter 4) and limit increases in muscle soreness and creatine kinase,
perhaps by enhancing protein synthesis post-exercise or limiting protein degradation.
However, these investigations employed an eccentric exercise protocol on an
isolated muscle group resulting in greater mechanical stress and less metabolic
stress than is normally observed following exercise participation (Silva et al., 2013).
Metabolic stress leads to diverse physiological processes and may lead to different
effects on muscle performance and markers of muscle damage. No studies have
examined the effects of milk on recovery from exercise that primarily induces a
metabolic rather than mechanical stress.

Milk is a source of carbohydrate and anti-oxidants including Vitamin E, Vitamin A and
glutathione (Haug et al., 2007) which are effective in reducing lipid peroxidation
(Finaud et al., 2006). Moreover, milk is a source of whey protein that contains
cysteine and methionine amino acids which are necessary for glutathione (GSH)
production, thus enhancing the anti-oxidant defence system (Madureira et al., 2007;
Elia et al., 2006; Marshall, 2004). Previous animal research concluded that
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supplementation with whey protein over a six week period prevented oxidative stress
induced by heavy exercise (Elia et al., 2006). Still, these studies have examined long
term supplementation with whey and not a single post-exercise intake nor its impact
on muscle function or soreness.

In addition, unlike many other carbohydrate-protein recovery drinks, milk is an
excellent source of casein. It has been suggested that milk’s antioxidant capacity
comes mainly from its casein fractions (Zulueta et al., 2009) due to the high amounts
of antioxidant amino acids, including tyrosine, tryptophan, histidine, lysine and
methionine present in casein (Rival et al., 2001). However, no studies have
specifically examined casein’s effects on oxidative stress following exercise.
Some previous research has shown that carbohydrate or carbohydrate-protein
mixtures do not reduce exercise-induced oxidative stress following endurance
exercise (Goldfarb et al., 2009; McAnulty et al., 2003; Karolkiewicz et al., 2001).
However, McAnulty et al., (2007) reported lower oxidative stress when carbohydrate
was consumed during both continuous cycling and cycling with intermittent rest
periods. Furthermore, Kerasioti et al., (2012) reported that the consumption of a
carbohydrate-protein cake immediately post-exercise (2h steady-state cycling) and at
three further 1-hour intervals before a second exercise bout, reduced lipid
peroxidation. The disparate results from these investigations may be because of
different exercise modes and varied methods for the determination of oxidative stress
and oxidative damage. Furthermore, these investigations focused on immediate
recovery (1-24h), and did not investigate the effect of the observed stress on
subsequent muscle function and soreness, which is of significance to the training
athlete.

Participation in a team sport results in muscle damage, inflammation and oxidative
stress (Silva et al., 2013; Marin et al., 2011; Fatouros et al., 2010; Ascensão et al.,
2008) and a subsequent decline in performance (Silva et al., 2013). As previous
research has identified milk as being beneficial for recovery from isolated eccentric
exercise, investigating the effect of milk on recovery from metabolic stress may
provide insight into the mechanisms by which milk might be beneficial for team sport
athletes, and also offer an understanding of the relationships between metabolic
stress, oxidative stress, inflammation and performance.
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Therefore, the aim of this study is to investigate the effect of milk on recovery from
metabolic stress in team sport participants utilising a protocol designed to simulate
the isolated metabolic demands of team sport.

5.2

Methods

5.2.1 Participants
Ten female team sport (camogie and ladies Gaelic football) athletes (mean age 22.1
± 1.8 y) were recruited to take part in this study. Mean (±SD) height and mass was
162.7 ± 9.0 cm and 61.9 ± 8.1 kg, respectively. All participants were screened
according to the details in Section 3.2. Participants were provided with verbal and
written briefings, following which written informed consent was recorded. Ethics
Approval was provided by the London Sport Institute Ethics Sub-Committee at
Middlesex University and the Institute of Technology Carlow, where the data
collection took place.

5.2.2 Study design
The study utilised a randomised cross-over design, with participants attending a
familiarisation session plus two blocks of four days of testing. All participants
completed the trials during two consecutive follicular phases of their menstrual cycle
as in previous investigations utilising female participants (Rankin et al., 2015;
Dannecker et al., 2013). All testing took place at the same time of day following an
overnight fast and 24h abstinence from alcohol, caffeine and exercise. Briefly, the
first laboratory visits comprised familiarisation with initial measurements of muscle
function (peak torque, rate of force development (RFD), countermovement jump
height (CMJ), 20m sprint time), and familiarisation with an intermittent cycling
protocol (standardised warm-up, five 2-min blocks of the protocol and one 15s
maximal sprint) following which participants were randomly assigned to their group
order.

Between 3 and 5 days later, participants completed baseline measures of muscle
function, soreness and provided a blood sample for analysis of muscle damage (CK),
inflammation (hsCRP) and oxidative stress (Protein Carbonyls and GSH:GSSG
ratio). This was followed by completion of an intermittent cycling protocol lasting
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approximately 60min designed to induce metabolic stress. Immediately upon
completion of the protocol participants consumed 500ml of milk (MILK) or 500ml of
an energy-matched carbohydrate drink (CHO) and were instructed not to consume
any other fluid or food for a period of two hours. Participants returned to the
laboratory to repeat the baseline measures at 2h (blood sample only), 24h, 48h and
72h post-exercise (Figure 5.1). Participants were requested to refrain from any other
strenuous activity for the duration of the study, and from treating the symptoms of
muscle soreness and tiredness with interventions such as massage, cryotherapy,
nutritional supplements and non-steroidal anti-inflammatory drugs.
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Figure 5. 1 Schematic of the Study Design

5.2.3 Nutritional intervention and dietary control
Immediately following the cycling protocol, participants were provided with either
500ml of milk or 500ml of an energy-matched carbohydrate solution as detailed in
Section 3.4. All participants completed a food diary for 24h prior to baseline testing
and for the subsequent 3 days and were asked to repeat the same diet for the
second block of testing. MBI analysis of participants’ food diaries indicated that there
were no differences in energy, protein or fat intake between trials. The MILK group
had a likely higher mean carbohydrate intake over the experimental period.
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5.2.4 Metabolic stress protocol
Metabolic stress was induced by the completion of the Cycling Intermittent Sprint
Protocol (CISP, Hayes et al., 2013) designed to simulate the metabolic demands of a
repeat sprint sport. The protocol was modified slightly to include additional sprints
(4x15s) which has been reported to result in oxidative stress (Jówko et al., 2014).
Thus, the exercise protocol employed for the current study comprised of a
standardised warm-up (5 min at 95 W and two 30-s bouts at 120 W with 30-s rest in
between) followed by 2 x (14 x 2min bouts of exercise comprising of 10s of passive
rest, 5s of maximal sprinting and 105s of active recovery, with a 15s maximal sprint
followed by 1min active recovery taking place after the 7th and 14th 2min bout) (Figure
5.1). The exercise bouts were separated by a 10min ‘half-time’ period during which
the participants were permitted to dismount the ergometer and walk around in order
to reduce venous pooling in the lower extremities and minimise feelings of lightheadedness and nausea. The total time for each ‘half’ was 30min and 30s, thereby
simulating the ~30min halves of ladies Gaelic football and camogie, sports from
which the majority of participants were drawn. Power output, cadence, speed, HR
and RPE were recorded throughout the exercise bout. Participants returned to
complete the second cycling trial during the follicular phase of their next menstrual
cycle, following which the drink not consumed on the first trial was ingested.
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Figure 5. 2 Schematic of the Exercise Protocol
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5.2.5 Blood sampling
On each day, prior to any other measures and following a 10min rest, a blood sample
was collected by venepuncture from a forearm vein in ethylenediaminetetraacetic
acid (EDTA), heparin and serum separator (SST) tubes. The samples were then
centrifuged, aliqouted and stored at -80°C for later analysis of creatine kinase (CK),
high sensitivity C-reactive protein (hsCRP), protein carbonyls (PC), and GSH:GSSG
(oxidized glutathione:reduced glutathione) ratio. A blood sample was also collected
2h post completion of the exercise protocol. Samples were analysed according to the
procedures detailed in Section 3.8.1 (CK), 3.8.3 (hsCRP), 3.8.4 (PC) and 3.8.5
(GSH:GSSG).

5.2.6 Muscle soreness and muscle tiredness
Active muscle soreness (during squatting to approximately 90° knee flexion) and
tiredness were measured on a visual analogue scale (VAS) as detailed in Section
3.6.
5.2.7 Peak torque
To determine peak torque (Nm), following a standardised warm-up, participants
completed three dominant leg maximal effort knee extension repetitions at 60°/s and
180°/s. Refer to section 3.9 for details.

5.2.8 Rate of force development
Rate of force development (RFD) was determined over the first 200ms of an
isometric contraction, according to previous studies (Aagard et al., 2002). Details are
given in Section 3.10.

5.2.9 Countermovement jump height
Countermovement jump height was measured in cm using an Optojump optical
measurement system (Microgate, Bolzano, Italy). Refer to Section 3.11 for details.
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5.2.10 Sprint performance
Twenty metre sprint performance, from a standing start 20cm behind the start line,
was recorded using timing gates (Microgate Racetime 2, Bolzano, Italy). See Section
3.13 for detailed procedures.

5.2.11 Data analysis
Data was analysed by making probabilistic magnitude based inferences about the
true values of outcomes as described by Batterham and Hopkins (2006). Details of
the analysis are given in Section 3.14.

5.3

Results

5.3.1 Preliminary data
Analysis of the repeat-sprint exercise bouts revealed no clear differences between
trials on performance or physiological measures (Table 5.1).

Table 5. 1 Comparison of performance and physiological variables for cycling
trials prior to Milk and Carbohydrate consumption.
1st half
MILK
Average
117.1 ±
power (W)
15.7
Peak power 695.4 ±
(W)
135.6
Power/mass 2.0 ± 0.3
(W/kg)
Estimated
333.3 ±
EE (kcal)
24.2
Average
70.1 ±
cadence
3.9
(rpm)
Peak
120.1 ±
cadence
12.3
(rpm)
Rev count
2255.2 ±
124.1
Average
27.7 ±
speed (kmh) 1.5

CHO
112.0 ±
14.4
661.3 ±
124.1
1.8 ± 0.2

2nd half
MILK
109.3 ±
14.8
638.6 ±
135.4
1.8 ± 0.2

325.5 ±
25.2
67.7 ±
4.7

Variable

CHO
105.3 ±
16.1
636.0 ±
129.4
1.7 ± 0.2

Total
MILK
113.2 ±
14.8
667.0 ±
129.4
1.9 ± 0.2

CHO
108.7 ±
14.6
648.7 ±
130.3
1.8 ± 0.2

307.7 ±
27.6
68.6 ±
4.2

308.9 ±
37.3
66.5 ±
4.5

320.5 ±
24.4
69.4 ±
4.0

317.2 ±
26.7
67.1 ±
4.1

117.8 ±
9.1

118.7 ±
13.0

115.0 ±
9.8

119.4 ±
11.3

116.4 ±
8.8

2207.8 ±
128.6
27.3 ±
1.4

2128.0 ±
136.6
27.2 ±
1.5

2121.7 ±
215.7
26.6 ±
1.7

2191.6 ±
112.4
27.5 ±
1.4

2164.8 ±
130.6
27.0 ±
1.4
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Variable
Distance
covered
(km)
Average
pace
(min:ss/km)
HR (bpm)
RPE

1st half
MILK
14.5 ±
0.5

CHO
14.5 ±
1.1

2nd half
MILK
14.0 ±
0.8

CHO
13.9 ±
0.8

Total
MILK
14.2 ±
0.6

CHO
14.1 ±
0.9

1:58 ±
0:06

2:01 ±
0:07

2:00 ±
0:05

2:02 ±
0:08

2:00 ±
0:06

2:01 ±
0:06

171.7 ±
10.9
11.8 ±
1.6

169.9 ±
8.2
11.9 ±
2.1

168.9 ±
9.7
13.8 ±
1.8

167.5 ±
5.8
14.1 ±
2.8

170.3 ±
10.1
12.8 ±
1.4

168.7 ±
6.5
13.0 ±
2.3

5.3.2 Within-group effects
Analysis of within-group effects revealed post-exercise decreases in peak torque,
CMJ, sprint performance and RFD, increases in serum CK and hsCRP and in muscle
soreness and tiredness. No clear change was observed in PC or GSH:GSSG ratio.
Mean effects ± 90%CI, with qualitative inferences, are presented in Table 5.2.

Table 5. 2 Within-group effects over time for dependent variables
Variable

Peak Torque 60◦/s
Extension
MILK

CHO
Peak Torque 180◦/s
Extension
MILK

CHO

CMJ
MILK

CHO

Timeframe

Mean effect, ±
or Factor
effect x/÷ 90%
CIa

Qualitative inferenceb

B-24
B-48
B-72
B-24
B-48
B-72

-4.0, ± 2.7
-7.1, ± 7.4
-4.9, ±5.6
-3.2, ± 2.5
-4.4, ± 2.5
-2.7, ± 4.7

Small decrease*
Small decrease**
Small decrease*
Trivial decrease*
Small decrease*
Small decrease*

B-24
B-48
B-72
B-24
B-48
B-72

-3.4, ± 4.5
-5.8, ± 8.1
-2.5, ± 1.7
-6.5, ± 4.4
-3.5, ± 5.1
-1.1, ±5.3

Small decrease*
Small decrease*
Unclear
Small decrease*
Trivial decrease**
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

-1.7, ± 2.7
-1.5, ± 2.6
0.2, ± 2.4
-2.0, ± 1.8
-2.0, ± 3.2
0.1, ± 2.8

Small decrease*
Trivial decrease*
Unclear
Small decrease*
Trivial decrease*
Unclear
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20m sprint
MILK

B-24
B-48
B-72
B-24
B-48
B-72

-1.8, ± 1.2
-0.9, ± 1.6
0.2, ± 1.3
-1.0, ± 0.7
-0.5, ± 1.5
-0.4, ± 0.7

Small decrease**
Trivial decrease*
Unclear
Small decrease**
Unclear
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

-8.5, ± 14.6
0.8, ± 8.9
-3.9, ± 18.1
-12.7, ± 11.9
-4.9, ± 12.9
3.3, ± 15.0

Small decrease*
Trivial**
Unclear
Small decrease**
Unclear
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

1.4 x/÷ 1.3
1.2 x/÷ 1.4
1.1 x/÷ 1.3
1.5 x/÷ 1.3
1.3 x/÷ 1.3
1.1 x/÷ 1.5

Moderate increase**
Unclear
Unclear
Moderate increase***
Small increase**
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

2.2 x/÷ 1.4
1.7 x/÷ 1.3
1.5 x/÷ 1.4
1.7 x/÷ 1.4
1.4 x/÷ 1.4
1.1 x/÷ 1.6

Large increase****
Large increase****
Moderate increase**
Moderate increase***
Small increase**
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

0.7, ± 0.5
0.3, ± 0.4
0.1, ± 0.2
1.2, ± 0.9
1.3, ± 1.3
0.8, ± 0.9

Moderate increase**
Trivial**
Trivial****
Large increase**
Very large increase**
Moderate increase*

Tiredness
MILK

B-24

1.8, ± 0.7

CHO

B-48
B-72
B-24

1.5, ± 0.8
0.1, ± 0.2
2.4, ± 0.9

B-48

2.3, ± 1.3

B-72

0.9, ± 0.8

Extremely large
increase****
Very large increase***
Trivial****
Extremely large
increase*****
Extremely large
increase***
Moderate increase**

B-24
B-48
B-72
B-24
B-48

1.1 x/÷ 1.4
1.1 x/÷ 1.3
0.8 x/÷ 1.3
0.9 x/÷ 1.9
0.8 x/÷ 1.9

Unclear
Unclear
Unclear
Unclear
Unclear

CHO

RFD
MILK

CHO

Creatine Kinase
MILK

CHO

hsCRP
MILK

CHO

Soreness
MILK

CHO

PC
MILK

CHO
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GSH : GSSG
MILK

CHO

B-72

0.7 x/÷ 1.7

Unclear

B-24
B-48
B-72
B-24
B-48
B-72

0.4 x/÷ 1.5
0.8 x/÷ 2.4
0.7 x/÷ 3.4
1.4 x/÷ 3.9
1.1 x/÷ 8.0
0.7 x/÷ 5.0

Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
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a±

90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference; bQualitative Inference represents the
likelihood that the true value will have the observed magnitude
*Possible, **Likely, ***Very Likely, ****Most likely
5.3.3 Between-group effects
Peak torque
Baseline knee extension peak torque values of the dominant leg at 60°/s for the milk
condition and the carbohydrate condition were 143.1 ± 25.5 Nm and 141.1 ± 23.9
Nm, respectively. Percentage changes in peak torque at 60°/s for dominant knee
extension can be seen in Figure 5.3. Changes in the peak torque of the dominant leg
at 60°/s between baseline and 24h for the milk condition and carbohydrate condition
were -3.9 ± 4.5% and -3.1 ± 4.3%, respectively, a trivial effect (ES=0.02). Unclear
outcomes for the comparison of MILK versus CHO were found at baseline-48h (-6.4
± 12.2 % and -4.3 ± 4.4 %) and baseline-72h (-4.4 ± 9.5 % and -2.4 ± 8.5 %).
110.0

Peak Torque (% of Baseline)

105.0

100.0
MILK

95.0

CHO
90.0

85.0

80.0
Baseline

24h

48h

72h

Figure 5. 3 Peak torque at 60°/s for dominant knee extension in response to
repeat sprint cycling exercise for MILK and CHO.
Values are presented as means ± SD
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At baseline, the peak torque values at 180°/s for the dominant leg of participants for
MILK and CHO were 97.7 ± 16.6 Nm and 95.5 ± 16.0 Nm, respectively. Changes in
the peak torque of the dominant leg at 180°/s between baseline and 24h for MILK
and CHO were -3.2 ± 7.8%, and -6.2 ± 7.5%, respectively, a possible trivial benefit
(ES=0.11) of milk. There was an unclear outcome for MILK (-5.0 ± 12.7%) versus
CHO (-3.1 ± 8.9%) at baseline-48h. A possible small negative effect (ES=0.28) was
observed for MILK (-7.3 ± 12.7%) compared to CHO (-0.8 ± 9.2%) at baseline-72h.
Rate of Force Development
Immediately prior to the repeat-sprint cycling exercise, the mean rate of force
development was 433.1 ± 159.1 Nm.s-1 and 405.6 ± 106.1 Nm.s-1 for the MILK and
CHO conditions, respectively. Unclear outcomes for MILK versus CHO were found at
baseline-24h (-5.5 ± 25.3% v -10.5 ± 22.0%), baseline-48h (-1.9 ± 16.4% v -2.7 ±
20.3%) and baseline-72h (-0.5 ± 30.7% v 6.3 ± 28.7%).

20m sprint
Baseline 20m sprint times for the milk condition and carbohydrate condition were
3.58 ± 0.12s and 3.59 ± 0.11s, respectively. Unclear outcomes were found for MILK
versus CHO at baseline-24h (1.8 ± 2.2% and 1.0 ± 1.3%), baseline-48h (1.0 ± 2.8%
and 0.6 ± 2.5%) and baseline-72h (0.2 ± 2.2% and -0.4 ± 1.2%).

Countermovement jump performance
Immediately prior to the cycling exercise, the mean countermovement jump heights
of the milk and carbohydrate conditions were 28.9 ± 2.9cm and 28.8 ± 2.4cm,
respectively. Unclear outcomes for MILK versus CHO were found at all time points,
baseline-24h (-1.6 ± 4.7% v -2.0 ± 3.1%), baseline-48h (-1.4 ± 4.6% and -1.9 ± 5.4%)
and baseline-72h (-0.2 ± 4.1% v-0.0 ± 4.7%). A summary of the statistical analysis for
Peak Torque, RFD (0-200ms) of the dominant leg, 20m sprint performance and
countermovement jump performance can be seen in Table 5.3.

Soreness
The exercise protocol resulted in a moderate-large increase in muscle soreness for
both conditions, peaking at 24h for MILK and 48h for CHO (Figure 5.4). By 72h,
soreness had almost returned to zero. A comparison of changes in soreness for the
period baseline-24h indicated an unclear outcome for MILK (7.0 ± 8.2%) compared to
CHO (12.0 ± 15.5%). A possible small benefit of MILK v CHO was seen at baseline133

48h (4.0 ± 7.0% v 14.0 ± 21.7%) and a possible small, trivial benefit baseline-72h
(1.0 ± 3.2% v 8.0 ± 10.2%).

Tiredness
Muscle tiredness increased over time for both conditions but by 72h tiredness had
almost returned to zero. A comparison of changes in muscle tiredness from baseline
to 24h indicated a possible trivial benefit for the consumption of MILK (18.0 ± 11.4 %)
compared to the consumption of CHO (24.0 ± 15.8%). An unclear outcome was
observed from baseline to 48h (16.0 ± 12.6% versus 24.0 ± 20.7% for MILK and
CHO conditions, respectively). Changes in tiredness from baseline-72h showed a
possible trivial benefit of MILK (1.0 ± 3.2%) compared to CHO (9.0 ± 13.7%). A
summary of the statistical analysis for muscle soreness and muscle tiredness can be
seen in Table 5.3.
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Figure 5. 4 Muscle soreness in response to repeat sprint cycling exercise for
MILK and CHO.
Values are presented as means ± SD. *Possible benefit of milk
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Table 5. 3 Effects on Peak Torque, RFD, sprint performance, CMJ, soreness,
tiredness, CK, hsCRP, PC and GSH:GSSG ratio following repeat sprint cycling
exercise
Mean effecta,
Qualitative
b
± 90% CI
Inferencec
Peak Torque
B – 24
-0.3, ± 3.2
Trivial**
60°/s Dominant
B – 48
-2.4, ± 8.0
Unclear
leg
B – 72
2.0, ± 6.2
Unclear
Peak Torque
B – 24
3.3, ± 6.5
Small benefit*
180°/s Dominant
B – 48
-2.5, ± 9.5
Unclear
leg
B – 72
-7.1, ± 8.9
Small harm*
RFD (0-200ms)
B – 24
2.0, ± 6.2
Unclear
Dominant leg
B – 48
6.3, ± 16.4
Unclear
B – 72
-4.4, ± 21.0
Unclear
20m Sprint
B – 24
0.8, ± 1.4
Unclear
performance
B – 48
0.4, ± 2.1
Unclear
B – 72
0.6, ± 4.0
Unclear
Countermovement B – 24
0.3, ± 3.2
Unclear
jump performance B – 48
0.5, ± 4.0
Unclear
B – 72
-0.1, ± 3.5
Unclear
Muscle soreness
B – 24
-0.4, ± 1.0
Unclear
B – 48
-1.0, ± 1.3
Small benefit*
B – 72
-0.7, ± 1.0
Trivial benefit*
Muscle Tiredness
B – 24
-0.6, ± 1.1
Trivial benefit*
B – 48
-0.8, ± 1.3
Unclear
B – 72
-0.8, ± 0.8
Trivial benefit*
a Mean effect refers to MILK minus CHO
b ± 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude
*Possible, **Likely, ***Very likely, ****Most likely
Variable

Time Frame

Creatine kinase
Serum CK values prior to exercise were 155.0 ± 75.4 U/l and 138.0 ± 62.6 U/l for the
milk and carbohydrate conditions, respectively. Unclear outcomes for the comparison
of MILK versus CHO were found at baseline-2h (1.52 x/÷ 1.27 v 1.41 x/÷ 1.17),
baseline-24h (1.30 x/÷ 1.55 v 1.26 x/÷ 1.65), baseline-48h (1.03 x/÷ 1.57 v 1.14 x/÷
1.57) and baseline-72h (0.99 x/÷ 1.56 and 0.97 x/÷ 1.76). See Figure 5.5.
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Figure 5. 5 Serum Creatine Kinase in response to repeat sprint cycling
exercise for MILK and CHO.
Values are presented as means ± SD
hsCRP
Baseline hsCRP values immediately prior to exercise were 1.16 ± 0.91 mg/l and 1.38
± 0.99 mg/l for the milk and carbohydrate conditions, respectively. Unclear outcomes
were observed for MILK versus CHO at baseline-2h (1.00 x/÷ 1.07 v 1.02 x/÷ 1.17),
baseline-24h (2.09 x/÷ 1.75 v 1.42 x/÷ 2.03), baseline-48h (1.59 x/÷ 1.50 v 1.15 x/÷
1.98) and baseline-72h (1.25 x/÷ 1.73 v 0.925 x/÷ 1.99).

Protein carbonyls (PC)
Protein Carbonyl values prior to exercise were 0.53 ±0.14 nmol/mg/protein for the
MILK group and 0.55 ± 0.36 nmol/mg/protein for the CHO group. Changes in PC can
be seen in Figure 5.6. Unclear outcomes were observed for MILK versus CHO;
baseline-2h (1.10 x/÷ 1.54 v 0.88 x/÷ 2.36), baseline-24h (1.23 x/÷ 1.82 v 0.85 x/÷
2.72), baseline-48h (1.33 x/÷ 1.23 v 0.76 x/÷ 1.99) and baseline-72h (0.88 x/÷ 1.46
and 0.957 x/÷ 3.04).
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Figure 5. 6 Serum Protein Carbonyls in response to repeat sprint cycling
exercise for MILK and CHO.
Values are presented as means ± SD
GSH:GSSG ratio
Prior to the cycling exercise the mean GSH:GSSG ratio of the milk and carbohydrate
conditions were 0.57 ± 0.27 and 0.98 ± 0.92, respectively. An unclear outcome for
MILK versus CHO was found at baseline-2h (0.871 x/÷ 1.99 v 1.014 x/÷ 8.52). A
likely moderate benefit of MILK was observed at baseline-24h (0.369 x/÷ 1.89 v 1.103
x/÷ 3.96). Unclear outcomes were found at other timepoints: baseline-48h (0.827 x/÷
3.15 and 1.105 x/÷ 8.800) and baseline-72h (0.751 x/÷ 6.39 v 0.686 x/÷ 7.72). A
summary of the statistical analysis for Creatine Kinase, hs-CRP, PC and GSH:GSSG
ratio can be seen in Table 5.4.
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Table 5. 4 Effects on CK, hsCRP, PC and GSH:GSSG ratio following repeat sprint
cycling exercise
Mean effecta
Qualitative
b
x/÷ 90% CI
Inferencec
CK
B–2
1.1 x/÷ 1.2
Unclear
B – 24
1.0 x/÷ 1.5
Unclear
B – 48
0.9 x/÷ 1.5
Unclear
B – 72
1.0 x/÷ 1.6
Unclear
hs-CRP
B–2
0.9 x/÷ 1.1
Unclear
B – 24
1.5 x/÷ 1.7
Unclear
B – 48
1.4 x/÷ 1.6
Unclear
B – 72
1.4 x/÷ 1.7
Unclear
PC
B–2
1.2 x/÷ 1.8
Unclear
B – 24
1.5 x/÷ 2.1
Unclear
B – 48
1.8 x/÷ 1.9
Unclear
B – 72
0.9 x/÷ 2.2
Unclear
GSH:GSSG
B–2
0.9 x/÷ 4.4
Unclear
ratio
B – 24
0.3 x/÷ 3.2
Moderate benefit**
B – 48
0.8 x/÷ 8.5
Unclear
B – 72
1.1 x/÷ 5.3
Unclear
a Mean effect refers to MILK minus CHO
b ± 90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude
**Likely
Variable

5.4

Time Frame

Discussion

Repeat-sprint cycling resulted in decrements in muscle function and increases in
perceptions of soreness and tiredness, serum markers of muscle damage and
inflammation. However, no clear change in oxidative stress was observed. The
results indicate that the consumption of 500ml of milk post-intermittent sprint cycling
exercise had minimal effect on recovery of muscle function, inflammation and
markers of muscle damage. While a possible small benefit of milk was observed for
peak torque at 180◦/s at 24h post-exercise, no effect was seen on any other muscle
function variable. A possible negative effect for MILK was noted at 72h post-exercise
for peak torque at 180◦/s. The consumption of milk attenuated increases in muscle
soreness and tiredness over 72h post-exercise, compared to the consumption of a
volume and energy matched carbohydrate drink.
A possible benefit for MILK was observed for Peak Torque at 180 ◦/s at 24h post
exercise, but at no other time and for no other muscle function variable, CK or
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hsCRP. The lack of effect of milk on muscle function, inflammation and CK is likely
because of the nature of the exercise protocol. Previous research has found that the
consumption of milk following eccentrically loaded exercise had a beneficial effect in
attenuating decreases in peak torque, sprint performance and reactive strength index
(Rankin et al., 2015; Cockburn et al., 2012; 2010; 2008). Cycling employs concentric
muscle actions (Bijker et al., 2002), resulting in metabolic rather than mechanical
stress and may explain the low level of muscle damage observed in this study. This
lower level of damage is reflected in the smaller decreases in muscle performance
observed across all variables (3.98%) compared to the first study of this thesis
(6.95%, Chapter 4, Rankin et al., 2015). Serum CK was elevated during the recovery
period, peaking 24h post-exercise and returning to baseline values by 72h with no
difference between interventions. Mean peak CK values (225.6 ± 72.3 and 193.6 ±
61.0 IU/l for MILK and CHO, respectively) were lower than observed for female
athletes in investigations employing eccentric exercise (8873.0 ± 13306.0 and
11697.7 ± 8423.3 IU/l, MILK and CHO, respectively, Rankin et al., 2015), though
similar to other cycling studies investigating recovery interventions (Bell et al., 2014;
Jowko et al., 2014). In summary, the observed muscle damage was low, losses in
muscle function were small and milk had little effect on minimising these effects.

It is possible that an increase in protein synthesis or a decrease in protein breakdown
following the mechanical stress of eccentric loading in previous studies is enhanced
with the intake of milk post-exercise, a mechanism not observed following isolated
metabolic stress in this study. It is conceivable that the nature of the exercise
(cycling) may have stimulated mitochondrial protein synthesis rather than myofibrillar
protein synthesis. Wilkinson et al., (2008) noted a 67% increase in myofibrillar FSR
following a resistance exercise session but no change following an endurance
(cycling) session while Dumke et al., (2009) reported stimulation of genes associated
with mitochondrial biogenesis following cycling, an effect reported by others following
high intensity sprint cycling protocols and training (MacInnis et al., 2017; Granata et
al., 2016; Little et al., 2010). In the current study, the measurements of muscle
function over the recovery period (peak torque, RFD, CMJ, sprint performance) were
not dependent on mitochondrial function and therefore, any benefit of milk intake may
not have been apparent from the measures chosen. It is possible that a larger intake
of milk may have produced different outcomes. The amount of protein provided by
the 500ml of milk was 17g which provided a mean relative intake of 0.27 g/kg, though
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given the range in body mass, the range in relative intake was 0.23-0.32 g/kg. The
lower relative intake of protein may have been insufficient to maximally stimulate
protein synthesis and attenuate muscle function losses. Nevertheless, Cockburn et
al., (2012) reported that 500ml of milk consumed post-exercise was as effective as
1000ml in attenuating the negative effects of EIMD. Further research is warranted to
extrapolate this further.

Exercise causes a systemic inflammatory response with increases in cytokine and
leucocyte activity (Febbraio and Pedersen, 2005). hsCRP is an acute phase protein
and its synthesis in the liver is triggered as an inflammatory response following
increased cytokine secretion, most notably IL-6. Mean absolute hsCRP values were
very similar in both trials, suggesting similar inflammatory responses. Not
surprisingly, given that cycling is concentric in nature, the hsCRP response to the
exercise protocol was considerably lower than that observed following resistance
exercise (Bowtell et al., 2011) and marathon running (Clifford et al., 2016),
suggesting that the magnitude of the inflammatory response is significantly
influenced by the mode of exercise. The values, however, are comparable to that
reported previously in cycling research (Roengrit et al., 2014) with peak hsCRP
observed at 24h post-exercise, returning towards baseline values by 72h postexercise. The magnitude of change was not different between the conditions,
indicating that post-exercise consumption of milk did not modulate the inflammatory
response after metabolic exercise. There is considerable disagreement in the
literature regarding the effects of carbohydrate and carbohydrate-protein intake on
inflammatory measures. For example, while Kerasioti et al., (2013) observed a
decrease in inflammatory markers (IL-6, CRP) following the ingestion of a
carbohydrate-protein cake, Cosio-Lima et al., (2012) reported no differences in
inflammatory responses (TNF-α. IL-6) following the ingestion of carbohydrate versus
carbohydrate-protein solutions. Such contradictory results are probably reflective of
the variation in exercise protocols employed, the inflammatory markers measured or
the specific composition of the nutritional interventions. It is important to note that
inhibition of post-exercise inflammation is not always an aim of post-exercise
nutritional intervention, as prevention of exercise-induced inflammation may inhibit
muscular adaptation to exercise (Mastaloudis et al., 2004).
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Interestingly, even though post-exercise muscle soreness ratings were low compared
to those following eccentric exercise, post-exercise milk consumption had a positive
effect in attenuating increases in muscle soreness and tiredness over the 72h postexercise period. This is somewhat unexpected given that there were no differences in
muscle function or inflammation between the groups. Inflammation is a proposed
mechanism for the manifestation of muscle soreness (MacIntyre et al., 1995).
Increased histamines and bradykinins sensitise nociceptors and increase the
sensation of pain (Malm, 2001). Oedema may also contribute to the sensation of
soreness, with swelling exerting increased osmotic pressure within the fibres and
further sensitising nociceptors (Malm, 2001; Clarkson and Hubal, 2002). The
disparity of results observed in this study may indicate different pathways for the
recovery of muscle function and perception of soreness and tiredness which may or
may not involve the inflammatory response. It is possible that hsCRP may not be
reflective of the total cytokine activity in the post-exercise period and that
measurement of other cytokines such as TNF-α or IL-6 may have provided greater
insight. Nonetheless, because this was not a blind study it is plausible that
information bias may have occurred through knowledge of the nature of the allocated
intervention (Booth et al., 1992), where participants may have been aware of
previously published research highlighting potential benefits of milk for recovery, thus
leading to a perception of attenuated soreness and tiredness.

Surprisingly, the intermittent sprint protocol utilised in this study did not result in an
increase in oxidative stress as indicated by PC and GSH:GSSG ratio, despite the
considerable physical demand imposed by the exercise. This is in contrast with
previous research that reported increases in post-exercise oxidative stress following
sprint cycling (Jowko et al., 2014), though in agreement with Bloomer et al., (2007)
and Farney et al., (2012). There are a number of possible reasons for this
observation. Firstly, only selective biomarkers of oxidative stress were measured; the
inclusion of additional markers or alternative assay techniques may have indicated
an increase in oxidative stress. Both PC and GSH:GSSG have been identified as
useful indicators of protein oxidation and redox disturbance, respectively (Powers et
al., 2010). Protein Carbonyls are produced when ROS attack amino acids and thus
concentration increases when oxidative stress increases. GSH is an antioxidant used
in the reduction of lipid hydroperoxides generating oxidised glutathione (GSSG).
When cells are exposed to oxidative stress, concentration of GSSG increases and
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the ratio of GSSG to GSH increases. Nevertheless, the validity of many measures of
oxidative stress has been questioned, with poor correlations between different
markers of oxidative stress and between different methods for measuring individual
markers (Finkler et al., 2014). Secondly, oxidative stress may have occurred in
muscle tissue but was not detected in the serum samples as has been reported in
animal research (You et al., 2005). Thirdly, a lack of observed oxidative stress may
be because the participants were trained team-sport players, well-accustomed to the
metabolic demands of repeat-sprinting albeit with a different exercise mode. This
training may have resulted in adaptations that resulted in minimal change in PC and
GSH:GSSG ratio over the duration of this study. Lending support to this idea
Bloomer et al., (2012, 2006) reported no increase in oxidative stress in trained
individuals following sprint cycling and Bogdanis et al., (2013) reported attenuated
oxidative stress responses following high intensity interval training. Finally, it is
possible that a lack of oxidative stress may be because of the sex of the participants.
Previous research has indicated that females experience lower oxidative stress than
males (Ide et al., 2002) and that following exercise, markers of oxidative stress return
to baseline quicker than males (Mastaloudis et al., 2004). This lower level of
oxidative stress may be because of smaller muscle mass, leading to lower
mitochondrial flux and lower ROS production (Ide et al., 2002). Additionally, Tiidus
(1995, 2003) proposed that oestrogen may act as an antioxidant against lipid
peroxidation of the cell membrane during exercise. Oestrogens possess an hydroxyl
group on their A (phenolic) ring in a similar structure to tocopherol (Vitamin E) which
is a known antioxidant (Persky et al., 2000; Ayres et al., 1998). Acting in a similar
way to tocopherol, oestrogen may donate hydrogen atoms leading to a termination of
peroxidation chain reactions (Persky et al., 2000; Ayres et al., 1998; Tiidus, 1995).
Future investigations examining the effect of milk on oxidative stress should carefully
consider exercise protocol design, training status and sex of the participants.

The majority of investigations examining the effects of nutritional interventions on
recovery from metabolic stress employed a protocol that required participants to
consume the nutritional substance over a prolonged period of time. For example,
Samaras et al., (2014) observed an increase in glutathione concentration when
athletes were supplemented with a protein-carbohydrate bar for two months. The
only investigation examining the effects of post-exercise consumption of a proteincarbohydrate supplement on oxidative stress markers was Kerasioti et al., (2012).
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While they observed a reduction in Thiobarbituric Acid Reactive Substances
(TBARS) with the intake of an experimental cake post-2hours of cycling, there was
no effect on subsequent time-trial performance. It is, therefore, likely that the timing
of antioxidant supplementation is an important factor that could influence exerciseinduced oxidative stress (Goldfarb et al., 2009) and that post exercise intake of
antioxidants does not have a positive effect on oxidative stress markers and may
even result in a pro-oxidant response (Nieman et al., 2002). Thus, it is unlikely that
one-off post-exercise consumption of nutritional products, as in the current study, will
have any effect on recovery from oxidative stress. In this study, the beverage was
consumed only after the exercise bout, as this is a regular practice of team sport
athletes.

In conclusion, the consumption of 500ml of milk post non-eccentric exercise had
minimal effect on the attenuation of losses in muscle function and no effect on
increases in markers of muscle damage and inflammation following repeat-sprint
cycling, though consumption of milk did reduce perceptions of soreness and
tiredness. Speculatively, the benefit of milk for athletic recovery is likely to be greatest
following activities that have an eccentric component. Further research is warranted
in this area to investigate the effects of milk on recovery from exercise that induces
high levels of oxidative stress. However, recently it has been suggested that
minimising oxidative stress may inhibit adaptation to exercise (Buresh and Berg,
2015; Pingitore et al., 2015; Paulsen et al., 2014). From this perspective, future
research examining the effect of nutritional interventions on oxidative stress should
carefully consider the practical application of outcomes. Consideration could be given
to examining the intake of milk following exercise protocols that utilise activities
typically used in sport participation and performace, aswell as the effect of milk on
recovery from simulated or actual sport performance.
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Chapter 6: The Effect of Milk On Recovery From Repeated
Sprinting and Jumping
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6.1

Introduction

Recent research has shown that the consumption of 500ml milk following muscle
damaging exercise can attenuate decreases in muscle function (RSI and sprint
performance) in males (Cockburn et al., 2010; 2008). These studies evoked muscle
damage using an intense mechanical eccentric protocol on an isolated muscle group.
Recently, Rankin et al., (2017, Chapter 5) reported that milk was of little benefit in
recovery from repeat-sprint cycling (a predominantly concentric exercise) in female
athletes, suggesting that the benefit of milk for athletic recovery is likely to be
greatest following activities that have an eccentric component. Given that the
mechanisms underpinning recovery following eccentrically biased and concentrically
biased exercise may be different, it follows that choosing nutritional interventions that
are specific to the mode of exercise and desired outcomes is required, and as
recently discussed, a ‘one size fits all’ approach is inappropriate (Minett and Costello,
2015). Conceptualising a continuum of exercise from isolated mechanical eccentric
exercise to isolated metabolic concentric exercise, the vast amount of exercise
activities reside somewhere between inducing both mechanical and metabolic stress
to varying degrees. Participation in many sports and exercise activities involves
repeated high-intensity activity such as sprinting and jumping, change of direction
and deceleration (Sirotic and Coutts, 2007; Spencer et al., 2004). Thus, for the
purpose of exploring post-exercise recovery, opportunities exist for research utilising
more sport-specific models which have greater ecological validity and practical
significance. This has been addressed in investigations employing sprinting
(Howatson and Milak, 2009), jumping (Marginson et al., 2005) and drop-jumping
damage protocols (Howatson et al., 2012), which reported reductions in isometric
strength, CMJ and squat jump performance, along with increased CK and muscle
soreness. No investigations have been conducted utilising combined sprinting and
jumping activities. Moving forward, the key strategy must be to match recovery
strategies with the specific demands of exercise and thus, research exercise
protocols must incorporate relevant activities.

Of significance, the aforementioned studies (Howatson et al., 2012; Howatson and
Milak, 2009; Marginson et al., 2005) were conducted with male participants. Our
previous research has suggested sex differences in the response to eccentric
exercise with females showing smaller increases in sprint time, passive soreness,
active soreness and sTnI values (Rankin et al., 2015). Thus, this reinforces the
145

necessity of matching recovery interventions, not only to the nature of the exercise
demands but also to the population group. There is undoubtedly a dearth of research
focusing on reponses of female athletes to varied forms of exercise. Indeed, a recent
study concluded that female participants are under-represented in sports and
exercise research, comprising only 39% of participants across 1382 investigations
(Costello et al., 2014). In an informative study Keane et al., (Keane et al., 2015)
investigated muscle damage in female athletes following a repeat-sprint protocol
incorporating 15 x 30m sprints and reported reductions in maximal voluntary
isometric contraction (MVIC), countermovement jump height and sprint performance,
alongside increases in muscle soreness and serum creatine kinase over the 72h
recovery period. Comparable results have been reported with female dancers
following the same protocol (Brown et al., 2015). Similarly, Jakeman et al., (2009)
noted reduced squat jump height, CMJ height, isokinetic muscle strength alongside
increased muscle soreness and CK in physically active females following the
execution of 10 x 10 repetitions of drop jumps. While these investigations contribute
to our understanding of responses to eccentrically loaded exercise in female athletes,
there are few investigations examining nutritional interventions following exercise in
females, and none exploring the effect of milk on recovery following this type of
exercise.

Accordingly, specific strategies to ameliorate the deleterious effects of exercise and
muscle damage and accelerate the recovery process are of importance to
researchers, coaches and athletes. No studies have examined the potential of milk to
enhance recovery from combined sprinting and jumping activities, yet this knowledge
would be valuable for post-exercise nutritional prescription for athletes. Bovine milk,
which comprises both whey and casein protein along with carbohydrate, lipids,
vitamins and minerals, has become a popular post-exercise recovery drink. Its
carbohydrate content (as lactose) is comparable to commercial sports drinks and
may be beneficial in post-exercise glycogen synthesis (Ferguson-Stegall et al.,
2011). Its whey and casein protein content enhances post-exercise muscle protein
synthesis rates (Wilkinson et al., 2007), while the high concentration of electrolytes
facilitates fluid recovery following exercise (Desbrow et al., 2014). Moreover,
establishing responses in female athletes can present new information on recovery
strategies for this under-investigated population. Therefore, the aim of this study was
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to examine the effect of milk on recovery from repeated sprinting and jumping in a
female team-sport population.

6.2

Methods

6.2.1 Participants
Eighteen female team-sport (camogie and ladies Gaelic football) athletes (mean age
21.6 ± 3.4 y), training a minimum of twice per week, participated in this study. Mean
(±SD) height and mass were 162.9 ± 9.3 cm and 64.3 ± 6.1 kg, respectively. Details
of screening and exclusion criteria can be reviewed in Section 3.2. Ethics approval
was provided by the London Sport Institute Ethics Sub-Committee at Middlesex
University, and the Institute of Technology Carlow, where the data collection took
place.

6.2.2 Study design
The study utilised an independent group design that required participants to visit the
laboratory on seven occasions. The initial visit comprised familiarisation and the
subsequent visit, no more than 3 days later, involved the determination of baseline
(B) values for dependent variables. Participants were then randomly but equally
divided into two groups: Milk (MILK) and carbohydrate (CHO). Completion of the
exercise protocol took place no more than 5 days after familiarisation, and
participants returned to the laboratory 2h (bloods only) 24h, 48h and 72h postexercise for re-evaluation of the dependent variables (Figure 6.1). Visits took place at
the same time of day preceded by an overnight fast and abstinence from alcohol,
caffeine and exercise. Participants were requested to refrain from any strenuous
activity for the duration of the study, and from treating symptoms of muscle soreness
and tiredness with interventions such as massage, cryotherapy, supplements and
non-steroidal anti-inflammatory drugs.
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Figure 6. 1 Schematic of Study Design

6.2.3 Nutritional intervention and dietary control
Immediately upon completion of the protocol participants consumed either 500ml of
milk or 500ml of an energy-matched carbohydrate solution as detailed in Section 3.4.
Food diary details are also presented in Section 3.4. Analysis using Magnitude
Based Inference indicated that there were no clear differences in energy,
carbohydrate, protein or fat intake between groups.

6.2.4 Exercise protocol
The aim of the exercise protocol was to incorporate whole-body sport and exercise
activities. Participants completed a 10min warm-up consisting of self-paced jogging,
sprint drills and sprints at 60%, 80% and 100% of perceived maximum speed,
followed by a series of dynamic stretches (Howatson and Milak, 2009). Participants
then lined up at a marker 30cm from the start line and completed 15 x 20m maximal
sprints stopping within a 10m deceleration zone marked out at the end of each sprint.
Previous research has found that a similar protocol (15 x 30m) has resulted in EIMD
in females (Keane et al., 2015). Following a 5min rest period, participants completed
eight sets of 10 plyometric jumps, a protocol which has previously shown to induce
muscle damage in males (Marginson et al., 2005). With feet shoulder width apart and
hands on hips, participants were asked to flex their knees to 90 degrees, and to jump
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as high as possible on each jump. Standardised verbal encouragement was provided
to participants throughout the protocols.

6.2.5 Blood sampling
On each day, prior to other measures and following a 10min rest in the supine
position, a venous blood sample was obtained via venepuncture from a forearm vein
at the antecubital fossa. Details of analysis are provided in Section 3.8.1(CK) and
Section 3.8.3 (hsCRP).

6.2.6 Peak torque
Peak torque was determined according to details in Section 3.9. Following a
standardised warm-up, participants completed three maximal effort knee extension
and flexion repetitions at 60°/s and 180°/s on the dominant leg.

6.2.7 Rate of force development
Rate of force development (RFD) over the first 200ms of an isometric contraction was
determined as previously described (Aagaard et al., 2002). Refer to Section 3.10 for
details.

6.2.8 Countermovement jump height
Countermovement jump height (cm) was determined according to the details in
Section 3.11.

6.2.9 Reactive strength index
Reactive Strength Index (RSI) was determined from three maximal effort drop jumps
from a height of 45cm onto an indoor sprint track. Refer to Section 3.12 for details.
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6.2.10 Sprint performance
Five metre, 10m and 20m sprint performance, from a standing start 20cm behind the
start line, were performed on an indoor sprint track and were recorded using timing
gates. See Section 3.13 for detailed procedures.

6.2.11 Muscle soreness and muscle tiredness
Active muscle soreness was measured on a Visual Analogue Scale (VAS) during
squatting to approximately 90° knee flexion and during isokinetic testing of knee
extension at 60◦/s. A similar VAS was used to measure passive muscle tiredness.
See details in Section 3.6.

6.2.12 Symptoms of stress
Symptoms of stress were monitored at the same time each day using the validated
Daily Analysis of Life Demands (DALDA) questionnaire (Rushall, 1990). Section 3.7
provides details on the questionnaire.
6.2.13 Data analysis
Data was analysed by making probabilistic magnitude based inferences about the
true values of the effect of intervention on outcomes. See Section 3.14 for details.

6.3

Results

6.3.1 Within-group effects
The exercise protocol employed resulted in Exercise Induced Muscle Damage
(EIMD) for all participants. Analysis of within-group effects revealed post-exercise
decreases in peak torque, CMJ, sprint performance and RFD, increases in serum CK
and hsCRP and in muscle soreness and tiredness. Mean effects, ± 90%CI, with
qualitative inferences, are presented in Table 6.1.

Table 6. 1 Within-group effects over time for dependent variables
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Variable
Peak Torque 60◦/s
Extension
MILK

CHO
Peak Torque 60◦/s
Flexion
MILK

CHO
Peak Torque 180◦/s
Extension
MILK

CHO
Peak Torque 180◦/s
Flexion
MILK

CHO

CMJ
MILK

CHO

RSI
MILK

CHO

5m sprint
MILK

CHO

Timeframe

Mean effecta ± or
Factor effect x/÷
90% CIb

Qualitative inferencec

B-24
B-48
B-72
B-24
B-48
B-72

-8.2, ±2.7
-8.5, ±2.8
-4.1, ±4.8
-13.4, ±6.0
-12.5, ±7.0
-10.6, ±7.8

Moderate decrease****
Moderate decrease****
Small decrease****
Large decrease****
Large decrease***
Large decrease***

B-24
B-48
B-72
B-24
B-48
B-72

-5.2, ±8.8
-10.4, ±9.1
-3.3, ±7.6
-14.2, ±7.1
-13.3, ±5.4
-12.2, ±7.8

Small decrease*
Small decrease**
Unclear
Moderate decrease***
Moderate decrease***
Moderate decrease***

B-24
B-48
B-72
B-24
B-48
B-72

-7.6, ±5.2
-5.8, ±7.6
-0.5, ±6.6
-12.7, ±2.7
-14.5, ±7.4
-8.8, ±2.3

Small decrease**
Small decrease**
Unclear
Large decrease****
Large decrease***
Large decrease****

B-24
B-48
B-72
B-24
B-48
B-72

-2.8, ±8.0
-4.3, ±9.1
-1.6, ±9.3
-14.0, ±7.7
-11.7, ±13.2
-10.8, ±6.1

Small decrease*
Small decrease*
Unclear
Moderate decrease***
Moderate decrease**
Small decrease***

B-24
B-48
B-72
B-24
B-48
B-72

-1.2, ±3.4
-1.9, ±3.1
-0.6, ±1.4
-10.6, ±4.2
-9.9, ±5.0
-6.6, ±4.0

Unclear
Small decrease*
Trivial***
Moderate decrease****
Moderate decrease***
Small decrease***

B-24
B-48
B-72
B-24
B-48
B-72

-7.0, ±5.2
-12.8, ±7.0
-5.3, ±8.0
-10.8, ±9.0
-14.2, ±10.8
-10.8, ±7.8

Small decrease**
Small decrease***
Small decrease*
Small decrease**
Small decrease**
Small decrease**

B-24
B-48
B-72
B-24
B-48
B-72

-1.7, ±2.4
0.4, ±4.2
-0.6, ±3.3
-4.8, ±3.2
-3.1, ±2.9
-1.4, ±2.0

Small decrease*
Unclear
Unclear
Moderate decrease***
Small decrease**
Small decrease*
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Variable

10m sprint
MILK

CHO

20m sprint
MILK

CHO

RFD
MILK

CHO

Creatine Kinase
MILK

CHO

hsCRP
MILK

CHO

Soreness
MILK

CHO

Tiredness
MILK

CHO

DALDA
MILK

Timeframe

Mean effecta ± or
Factor effect x/÷
90% CIb

Qualitative inferencec

B-24
B-48
B-72
B-24
B-48
B-72

-1.2, ±2.1
-0.1, ±2.7
-0.3, ±3.2
-2.4, ±3.0
-1.9, ±2.8
-0.5, ±2.8

Small decrease*
Unclear
Unclear
Moderate decrease**
Unclear
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

-1.3, ±1.4
-0.6, ±1.3
-0.6, ±1.4
-2.7, ±2.3
-2.2, ±2.8
-0.1, ±1.7

Small decrease*
Small decrease*
Small decrease*
Moderate decrease**
Unclear
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

-11.1, ±11.9
-20.0, ±9.9
-9.9, ±14.5
-23.0, ±9.3
-24.7, ±12.7
-18.5, ±16.4

Small decrease*
Small decrease***
Small decrease*
Large decrease****
Large decrease***
Moderate decrease**

B-24
B-48
B-72
B-24
B-48
B-72

2.2 x/÷ 1.4
1.8 x/÷ 1.5
1.6 x/÷ 1.5
2.1 x/÷ 1.3
1.4 x/÷ 1.5
1.1 x/÷ 1.4

Moderate increase****
Small increase***
Small increase**
Large increase****
Small increase**
Unclear

B-24
B-48
B-72
B-24
B-48
B-72

1.2 x/÷ 1.8
1.2 x/÷ 1.7
1.1 x/÷ 1.8
1.0 x/÷ 1.2
0.9 x/÷ 1.2
0.8 x/÷ 1.3

Unclear
Unclear
Unclear
Unclear
Small decrease**
Small decrease*

B-24
B-48
B-72
B-24
B-48
B-72

5.3, ±1.6
4.3, ±1.5
2.0, ±0.7
5.8, ±1.3
4.8, ±1.1
2.6, ±0.8

Large increase****
Moderate increase****
Small increase****
Large increase****
Moderate increase****
Small increase****

B-24
B-48
B-72
B-24
B-48
B-72

4.3, ±1.1
3.8, ±1.0
1.8, ±0.8
5.1, ±0.9
3.8, ±1.2
2.3, ±0.8

Moderate increase****
Moderate increase****
Small increase***
Large increase****
Moderate increase****
Small increase****

B-24
B-48
B-72

3.4, ± 1.2
3.9, ±1.7
2.8, ±1.9

Small increase****
Small increase****
Small increase***
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Variable

Timeframe

CHO

B-24
B-48
B-72

Mean effecta ± or
Factor effect x/÷
90% CIb
4.7, ±1.7
4.9, ±2.2
3.2, ±1.6

Qualitative inferencec

Small increase****
Small increase****
Small increase***

a

Mean effect refers to Baseline minus 24h/48h/72h/96h; b ± 90% CI: add and
subtract this number to the mean effect to obtain the 90% confidence intervals for the
true difference; cQualitative Inference represents the likelihood that the true value will
have the observed magnitude *Possible,**Likely, ***Very likely, ****Most likely

6.3.2 Between-group effects
Peak torque
Baseline peak torque values for knee extension at 60°/s for MILK and CHO were
164.4 ± 17.9 Nm and 152.8 ± 10.0 Nm, respectively. Changes in peak torque
between baseline and 24h for MILK and CHO were -8.1 ± 3.9% and -12.9 ± 9.3%,
respectively, a likely small benefit (ES=0.38) for MILK. Unclear outcomes for MILK
versus CHO were found at B-48h (-8.4 ± 4.2% v -11.9 ± 11.0%. A likely small benefit
(ES=0.48) for MILK was found at B-72h (-3.9 ± 6.9% v -9.8 ± 11.6%).

At baseline, the peak torque values at 60°/s for knee flexion for MILK and CHO were
83.4 ± 16.5 Nm and 72.3 ± 11.2 Nm, respectively. Changes in peak torque between
baseline and 24h for MILK and CHO were -4.4 ± 13.3%, and -13.6 ± 10.6%,
respectively, a possible small benefit of milk (ES=0.22). There was an unclear
outcome for MILK (-9.4 ± 14.2%) versus CHO (-12.9 ± 8.8%) at B-48h. A likely small
benefit (ES=0.31) was observed for MILK (-2.7 ± 11.7%) versus CHO (-11.8 ±
11.6%) at B-72h.
Pre-exercise mean peak torque values for knee extension at 180 ◦/s were 118.6 ±
14.5 Nm and 109.8 ± 7.8 Nm for the MILK and CHO conditions, respectively. A likely
small benefit (ES=0.50) for MILK versus CHO was found at B-24h (-7.3 ± 7.6% v 12.6 ± 4.6%), a likely moderate benefit (0.84) B-48h (-5.3 ± 10.7% v -13.8 ± 10.8%)
and a very likely moderate benefit (ES=0.94) for MILK from B-72h (0.0 ± 10.0% v -8.7
± 3.7%). Changes in peak torque can be seen in Figure 6.2.
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Figure 6. 2 Peak torque at 180°/s for dominant knee extension in response to
repeated sprinting and jumping for MILK and CHO.
Values are presented as means ± SD. ** Likely benefit of MILK. ***Very likely
benefit of MILK.
Baseline peak torque values for knee flexion at 180°/s for MILK and CHO were 64.4
± 15.5 Nm and 62.2 ± 11.3 Nm. Changes in the peak torque between baseline and
24h for MILK and CHO were -2.2 ± 12.4% and -13.2 ± 11.2%, respectively, a likely
small benefit (ES=0.51) of milk. There was an unclear outcome for MILK (-3.4 ±
13.8%) versus CHO (-10.0 ± 16.3%) at B-48h. A likely small beneficial effect
(ES=0.41) was observed for MILK (-0.8 ± 14.2%) compared to CHO (-10.3 ± 9.4%) at
B-72h.

Rate of force development
Baseline values for mean rate of force development were 555.1 ± 294.2 Nm.s -1 and
634.3 ± 255.1 Nm.s-1 for MILK and CHO, respectively. A likely trivial benefit
(ES=0.03) for MILK versus CHO was found at B-24h (-8.5 ± 16.8% v -19.4 ± 15.0%),
though unclear outcomes were observed at B-48h (-16.6 ± 14.3% v -20.2 ± 19.1%)
and B-72h (-18.8 ± 36.6% v -13.8 ± 21.3%).
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Countermovement jump performance
Baseline mean countermovement jump heights for MILK and CHO were 26.7 ± 2.7
cm and 26.7 ± 3.5 cm, respectively. A very likely moderate benefit (ES= 0.70) for
MILK was seen at B-24h (-1.1 ± 5.2% v -9.7 ± 15.1%), a likely moderate benefit
(ES=0.67) from B-48h (-1.8 ± 4.6% v -9.6 ± 8.1%) and a likely small benefit (0.47)
from B-72h (-0.6 ± 2.1% v -10.0 ± 13.7%). Changes in CMJ performance can be
seen in Figure 6.3.
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***

**

**

CMJ (% of Baseline)

100.0

95.0
MILK
CHO

90.0

85.0

80.0

Baseline

24h

48h

72h

Figure 6. 3 Countermovement jump performance in response to repeated
sprinting and jumping for MILK and CHO.
Values are presented as means ± SD. **Likely benefit of MILK. ***Very likely
benefit of MILK.
Reactive strength index
Baseline RSI for the MILK group was 105.1 ± 21.9 cm.s-1 and for the CHO group was
104.0 ± 24.0 cm.s-1. Comparisons of MILK and CHO at B-24h (-6.7 ± 7.7% v -9.7 ±
15.1%), B-48h (-12.3 ± 10.6% v -12.6 ± 18.7%) and B-72h (-4.7 ± 12.5% v -10.0 ±
13.7%) revealed unclear outcomes.

Sprint performance
At baseline, 5m sprint times were 1.23 ± 0.10 s and 1.25 ± 0.07 s for MILK and CHO,
respectively. Between baseline and 24h there was a possible small benefit (ES=0.45)
for MILK (-1.6 ± 3.4%) compared to CHO (-4.5 ± 4.5%). Comparisons of MILK and
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CHO B-48h (0.5 ± 6.3% v -2.9 ± 4.4%) and B-72h (-0.5 ± 4.9% v -1.3 ± 3.2%) were
unclear. Baseline 10m sprint times for MILK and CHO were 2.06 ± 0.12 s and 2.09 ±
0.08 s. All MILK v CHO comparisons gave an unclear outcome (B-24h -1.1 ± 3.0% v 2.3 ± 4.6%; B-48h 0.0 ± 4.0 v 1.8 ± 4.4%; B-72h -0.2 ± 4.8% v -0.4 ± 4.5%). Similarly,
with baseline values of 3.57 ± 0.18 s (MILK) and 3.61 ± 0.11 s (CHO), unclear
outcomes were observed for 20m sprint performance (B-24h -1.2 ± 2.0% v -2.6 ±
3.6%; B-48h -0.6 ± 1.9% v -2.0 ± 4.4%; B-72h -0.6 ± 2.1% v -0.1 ± 2.8%).

A summary of the statistical analysis for Peak torque, RFD, CMJ, RSI and sprint
performance can be seen in Table 6.2.
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Table 6. 2 Effects on muscle function following repeated sprinting and jumping
Mean effecta,
Qualitative
b
±90% CI
Inferencec
Peak Torque 60°/s
B – 24
6.0, ±7.7
Small benefit**
Dominant leg extension
B – 48
4.6, ±8.7
Unclear
B – 72
7.2, ±10.3
Small benefit**
Peak Torque 60°/s
B – 24
8.7, ±13.5
Small benefit*
Dominant leg flexion
B – 48
3.3, ±13.4
Unclear
B – 72
9.4, ±12.3
Small benefit*
Peak Torque 180°/s
B – 24
7.2, ±6.4
Small benefit**
Dominant leg extension
B – 48
10.8, ±9.6
Moderate benefit**
B – 72
9.9, ±6.8
Moderate benefit***
Peak Torque 180°/s
B – 24
12.4, ±13.8
Small benefit**
Dominant leg flexion
B – 48
8.0, ±18.9
Unclear
B – 72
10.2, ±12.1
Small benefit**
RFD (0-200ms)
B – 24
22.7, ±31.7
Trivial benefit**
B – 48
21.6, ±43.4
Unclear
B – 72
24.0, ±46.0
Unclear
CMJ
B – 24
9.9, ±6.2
Moderate benefit***
B – 48
8.7, ±6.9
Moderate benefit**
B – 72
6.1, ±4.7
Small benefit**
RSI
B – 24
2.6, ±11.3
Unclear
B – 48
2.6, ±15.1
Unclear
B – 72
5.6, ±12.2
Unclear
5m sprint
B – 24
-2.7, ±3.7
Small benefit*
B – 48
-3.3, ±5.3
Unclear
B – 72
-0.8, ±3.6
Unclear
10m sprint
B – 24
-1.4, ±3.5
Unclear
B – 48
-1.8, ±3.9
Unclear
B – 72
-0.5, ±3.9
Unclear
20m sprint
B – 24
-1.5, ±2.6
Unclear
B – 48
-1.3, ±2.9
Unclear
B – 72
0.3, ±2.2
Unclear
a Mean effect refers to MILK minus CHO; b ± 90% CI: add and subtract this number
to the mean effect to obtain the 90% confidence intervals for the true difference;
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude *Possible,**Likely, ***Very likely, ****Most likely
Variable

Time Frame

Muscle soreness and tiredness
Peak soreness and tiredness was observed 24h following exercise and values had
not returned to baseline by 72h. A likely large benefit for MILK (27.1 ± 13.8%) versus
CHO (31.7 ± 16.6%) was observed at 72h for soreness during isokinetic testing; all
other comparisons were unclear.

157

DALDA
For DALDA B, a very likely very large benefit of MILK (13.5 ± 7.4%) compared to
CHO (18.7 ± 11.0%) was observed at B-24h and a likely very large benefit was
observed at B-48h (15.5 ± 10.1% v 19.6 ± 14.1%). From B-72h (11.0 ± 11.5% v 12.9
± 10.5%) outcomes were unclear (See Figure 6.4).

9.00

**

8.00

***

DALDA No. worse than normal

7.00

6.00
5.00
Milk

4.00

CHO

3.00

2.00
1.00
0.00
-1.00

Baseline

24h

48h

72h

Figure 6. 4 DALDA B in response to repeated sprinting and jumping for MILK
and CHO.
Values are presented as means ± SD. ***Very likely benefit of MILK. **Likely
benefit of MILK.
Creatine kinase
Baseline serum CK values were 128.5 ± 118.4 U/l and 192.2 ± 103.6 U/l for MILK
and CHO, respectively. Unclear outcomes for the comparison of MILK versus CHO
were found at B-2h (1.8 x/÷ 1.3 v 1.7 x/÷ 1.3), B-24h (2.3 x/÷ 1.8 v 2.1 x/÷ 1.4), B-48h
(1.8 x/÷ 1.9 v 1.4 x/÷ 1.8) and B-72h (1.4 x/÷ 1.9 and 1.1 x/÷ 1.8) (Figure 6.5).
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Figure 6. 5 Serum CK in response to repeated sprinting and jumping for MILK
and CHO.
Values are presented as means ± SD.
hsCRP
Baseline hsCRP values were 1.0 ± 0.6 mg/l and 1.3 ± 0.6 mg/l for MILK and CHO.
Unclear outcomes were observed for MILK versus CHO at B-2h (1.1 x/÷ 1.2 v 1.0 x/÷
1.3), B-24h (1.3 x/÷ 2.0 v 1.0 x/÷ 1.3), B-48h (1.2 x/÷ 2.0 v 0.9 x/÷ 1.3) and B-72h
(1.1 x/÷ 1.9 v 0.8 x/÷ 1.5). Mean effects for all measures of soreness and tiredness,
symptoms of stress, CK and hsCRP can be seen in Table 6.3.
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Table 6. 3 Effects on soreness, tiredness, symptoms of stress, CK and hsCRP
following repeated sprinting and jumping
Mean effecta
Qualitative
± or Factor Effect
Inferencec
x/÷ 90% CIb
Muscle soreness
B – 24
-1.7, ±2.8
Unclear
(Squat)
B – 48
-1.1, ±2.1
Unclear
B – 72
-0.7, ±1.2
Unclear
Muscle soreness
B – 24
-1.4, ±2.2
Unclear
(Isokinetic knee
B – 48
-1.1, ±2.3
Unclear
extension/flexion)
B – 72
-1.0, ±2.6
Trivial benefit**
Muscle tiredness
B – 24
-2.0, ±3.0
Unclear
B – 48
-1.6, ±3.2
Unclear
B – 72
-1.4, ±2.3
Unclear
DALDA B
B – 24
-2.0, ±2.4
Small benefit***
B – 48
-1.8, ±3.0
Trivial benefit**
B – 72
-1.0, ±2.6
Unclear
CK
B–2
1.1 x/÷1.3
Unclear
B – 24
1.1 x/÷1.6
Unclear
B – 48
1.3 x/÷ 1.8
Unclear
B – 72
1.3 x/÷1.8
Unclear
hsCRP
B–2
1.1 x/÷1.2
Unclear
B – 24
1.2 x/÷1.8
Unclear
B – 48
1.4 x/÷1.8
Unclear
B – 72
1.3 x/÷1.7
Unclear
a Mean effect refers to MILK minus CHO; b ± 90% CI: add and subtract this number
to the mean effect to obtain the 90% confidence intervals for the true difference;
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude **Likely, ***Very likely.
Variable

6.4.

Time Frame

Discussion

The key findings of this investigation indicate that consumption of 500ml of milk postrepeated sprinting and jumping attenuates losses in CMJ and peak torque at 60 ◦ and
180◦/s for both extension and flexion, similar to previous research with female
athletes following maximal eccentric contractions (Rankin et al., 2015). Additionally, a
benefit for MILK was seen for RFD and 5m sprint over the first 24h of recovery, but
not for RSI, 10m or 20m sprint performance, muscle soreness and tiredness, CK and
hsCRP.

There are a number of possible explanations for the observed benefits of milk on
muscle function. The composition of milk, with ~80% casein and ~20% whey protein,
provides both fast and slow delivery of amino acids for muscle protein turnover
(Wilkinson et al., 2007). Previous research has indicated that the consumption of
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amino acids following resistance training further stimulates protein synthesis,
resulting in increased net protein synthesis (Tipton et al., 2004; Miller et al. 2003;
Børsheim et al., 2002). The availability of amino acids, in particular, leucine,
stimulates mammalian target of rapamycin (mTOR), the significant regulator of
muscle protein synthesis (Norton and Layman, 2006). The consumption of protein
early in the recovery period is likely to increase the phosphorylation of signalling
proteins that regulate translation initiation and elongation, thus enhancing muscle
protein synthesis (West et al., 2011). This effect has been observed with the
consumption of protein in close temporal proximity to resistance training (Koopman et
al., 2007), sprinting (Coffey et al., 2011) and, more recently, concurrent training
(Camera et al., 2015). Furthermore, it is possible that milk has a positive effect on the
calpain degredative pathways that are initiated following eccentric exercise
consequential to increased cellular concentrations of calcium (Croall et al., 1991).
This would result in a preservation of myofibrillar and membrane protein integrity and
force transmission ability, and an attenuation of losses in muscle function during the
recovery period. Moreover, increased insulin has been observed following the
consumption of milk (Gannon et al., 1986). Raised insulin inhibits muscle protein
breakdown (Abdulla et al., 2016), perhaps via the ubiquitin-proteasome pathway,
further contributing to preservation of muscle function following EIMD.

The reasons for disparity in results between peak torque, RFD, 5m sprint and
measures of RSI, 10m and 20m sprint are uncertain. The preferential damage of type
2 fibres with eccentric loading leads to reduced ability to generate power (Fridén et
al., 1983) which is key in the explosive nature of the assessment of RFD and 5m
sprint performance; the consumption of milk was beneficial in attenuating these
losses. RSI is an assessment of the stretch shortening cycle (SSC). Twist and Eston
(2005) proposed that a reduced reflex sensitivity during the SSC following EIMD
could impair the ability to use ground impact forces, such as during drop jumping. It
is conceivable that milk does not have an effect on this reduced neuromuscular
function following EIMD, though this does not explain a lack of benefit of milk on 10m
and 20m sprint performance. Further investigation may provide greater insight.

There was no effect of milk on serum CK concentration. Muscle membrane damage
following eccentric loading occurs as a result of the mechanical stress during the
primary phase of muscle damage with further disruption via the lysosomal pathway
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during the secondary phase (Armstrong, 1990). The lack of an intervention effect on
serum CK suggests that the consumption of milk does not affect this pathway. CK
concentration, a marker of sarcolemma damage, was elevated during the recovery
period, peaking 24h post-exercise and returning to baseline values by 72h. Mean
peak CK values (246.4 ± 75.8 and 373.9± 157.82 U/l for MILK and CHO,
respectively) were lower than observed for female athletes in an investigation
employing isolated eccentric exercise (Rankin et al., 2015). They were higher
compared to those reported following repeat-sprint cycling with females (Rankin et
al., 2017) but comparable to values reported following repeated sprinting in females
(Keane et al., 2015). This is not surprising considering that the first investigation
provoked muscle damage on an isolated muscle group utilising a maximal isokinetic
eccentric loading while the second utilised a protocol lacking eccentric loading. The
reported CK response is lower than that reported following similar exercise in males
(Howatson and Milak, 2009), though not unexpected as it has been suggested that
females experience reduced post-exercise muscle damage compared to males
because of a protective effect of oestrogen (Stupka and Tiidus, 2001; Koumulainen
et al., 1999). The observed beneficial effect of milk on muscle function and lack of
effect on CK implies that serum CK is not a good indicator of muscle function
following exercise, a conclusion alluded to most recently by Scott et al., (2016)
following participation in a soccer match.

A comparison of conditions demonstrates little benefit for MILK compared to CHO in
the perception of muscle soreness, though given that DOMS is a subjective measure,
it is difficult to compare independent groups. Increases in soreness were lower than
those reported in previous studies following repeated sprinting (Howatson and Milak,
2009) and repeated jumping (Marginson et al., 2005). However, these studies utilised
male participants, and oestrogen may have an effect on the perception of pain and
muscle soreness experienced following damaging exercise by playing a role in the
binding of opioids to receptors in the brain and spinal cord, thereby modifying the
transmission of pain (Kendall and Eston, 2002). Nonetheless, the observed soreness
ratings were also lower than those reported by Keane et al., (2015) following a
repeat-sprint protocol with females, despite the addition of repeated jumping in the
current study. The reasons for this are unclear, though may reflect different degrees
of prior exposure to repeated sprinting and jumping. Similar to the female participants
in this study, those in Keane et al., were regular participants in team sport training
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and competition, though in soccer, rugby union and netball. The participants in the
current study were Gaelic football and camogie players and while the demands of
these sports are somewhat similar to other team sports, the differences may
contribute to the difference in the responses to the exercise protocol. In the current
study, hsCRP did not increase following exercise despite an increase in soreness
and inflammation being one proposed explanation for soreness. However, serum
hsCRP may not be reflective of the total cytokine activity in the post-exercise period.
The disparity of muscle function and soreness results observed indicate different
pathways for the recovery of muscle function and perception of soreness, which may
or may not involve the inflammatory response. Similar to CK, muscle soreness is a
poor indicator of muscle function during the recovery period.

The measurement of symptoms of stress was completed using the DALDA
questionnaire. Analysis indicated that those who consumed milk reported fewer
‘worse than normal’ symptoms 24h post-exercise. Physiological processes can be
influenced by psychological status (Mehta and Agnew, 2012) and it is known that an
individual’s belief in the efficacy of an intervention can influence subsequent
responses (Beedie and Foad, 2009). It is possible that this was the case in the
current study as the participants were not blinded to the recovery drink received and
may have been aware of potential benefits of milk for recovery through previously
published research. However, given that there were no differences in perception of
soreness or tiredness suggests genuine reduced symptoms of stress in the
participants who consumed milk.

A limitation of the study is that there was no control for the phase of the menstrual
cycle, and thus participants were likely to have had varying concentrations of
circulating hormones, including oestrogen as mentioned above, at the time of testing.
Nonetheless, it has been reported that oestrogen concentration may have limited
effect on the symptoms of EIMD in exercising females (Markofski and Braun, 2014).
It is possible that a larger intake of milk may have provided additional recovery
benefits. While previous research has reported recovery benefits with consumption of
500ml milk (Rankin et al., 2015; Cockburn et al., 2010; 2008), this volume provides
17g of protein which is lower than the recommended 20g threshold for maximal
stimulation of protein synthesis (Moore et al., 2009), and substantially lower than the
40g recently found to be of greater benefit than 20g following whole-body exercise
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(Macnaughton et al., 2016). Furthermore, given that post-exercise protein synthesis
remains elevated for at least 24h post-resistance exercise (Burd et al., 2011),
additional prescribed intake of milk during this time period may influence recovery.
Research opportunities exist to extrapolate this further, particularly regarding
recovery from team-sport specific exercise and in a female cohort.

In conclusion, the consumption of 500ml of milk post repeated sprinting and jumping
had a positive effect on the attenuation of losses in muscle function, thus improving
recovery, compared to an energy-matched carbohydrate drink. From a practical
perspective, this intervention may serve to enhance the recovery of female teamsport athletes following activities that involve sprinting and jumping. This study
reinforces the necessity for specific recovery interventions that are matched to the
mode of exercise; in this case when the exercise includes eccentric loading. As is
evident from this study, including milk in such a mode-specific approach is beneficial
for recovery in female athletes.
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Chapter 7: The Effect of Milk on Recovery From Repeated
Simulated Team Sports in Females
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7.1

Introduction

Minimising muscle damage and enhancing recovery between training sessions or
games could be beneficial for maintaining performance in subsequent bouts. Recent
research has shown that the consumption of milk following muscle damaging
exercise can attenuate decreases in muscle functional capacity in males (Cockburn
et al., 2010; 2008) and females (Rankin et al., 2015, 2018, Chapter 1 and Chapter 3)
including peak torque, reactive strength index (RSI) and sprint performance. The
mechanism for this effect is unknown though milk may increase post-exercise protein
synthesis or reduce post-exercise degradation of muscle proteins (Phillips et al.,
2011). However, to date, it is unknown if the consumption of milk can enhance
recovery from team sport competition and subsequent match performance.

Multi-sprint team sports are characterised by periods of high-intensity work
interspersed with periods of low-intensity effort or rest. Participation in a single team
sport match results in fatigue, muscle damage and oxidative stress (Silva et al.,
2013; Marin et al., 2011). In reality, team-sport athletes engage in multiple training
sessions or games within short periods of time resulting in insufficient recovery
(Fatouros et al., 2010; Ispirlidis et al., 2008). Repeated match play with limited
recovery time has been found to result in fatigue, performance impairment, with
strong correlations between muscle damage, muscle soreness, performance
decrements and the number of sprints and changes of direction executed in
subsequent games (Nedelec et al., 2014). Recently, Mohr et al., (2016) investigated
muscle damage, inflammation and performance responses to three soccer games
played within one week. Results indicated that the largest physiological stress,
fatigue and decreased performance followed the second game which was preceded
by only 3 days recovery. While the vast majority of investigations into the
physiological demands of team sports come from the study of male athletes, Gravina
et al., (2011) explored the effects of soccer match play on markers of muscle
damage and oxidative stress over an 18h recovery period in female soccer players.
Similar to studies involving male players, they reported increased CK, LDH and Total
Antixoxidant Status (TAS), though no measurements of muscle function were
considered. In addition to increased CK (~152%), Andersson et al., (2008) reported a
decrease in sprint performance (-3%), CMJ (-4%), peak torque for knee extension (7.1%) and knee flexion (-9.4%) following participation in a soccer match with female
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athletes. Based on current literature, opportunities exist to explore the responses of
female team sport athletes to repeated match play with short recovery duration.

Given the benefits of milk for enhanced recovery cited in the literature, and given the
short recovery periods typically experienced by athletes between team-sport training
sessions and games, it makes the expectation tenable that post-exercise
consumption of milk may combat the negative effects of muscle damage and fatigue,
thus accelerating the rate of recovery following simulated match-play. Accordingly,
this study aims to examine the effect of milk on recovery from a simulated team game
and a second simulated team game following a 48h recovery period, plus the effect
of milk on ‘in-game’ measures in the second simulated game. Additionally, we aim to
determine the impact of a second bout of exercise on the recovery profiles of
athletes.

7.2

Methodology

7.2.1 Participants
Twenty female team sport athletes (mean age 20.6 ± 3.0 y; height 164.7 ± 5.0 cm;
mass 65.4 ± 9.2 kg), drawn from the sports of camogie and ladies Gaelic football,
participated in this investigation. Details on screening and inclusion/exclusion criteria
are provided in Section 3.2. Ethics approval was gained from the Ethics Committees
from both Middlesex University and Institute of Technology Carlow where the data
collection took place.

7.2.2 Study design
Participants visited the laboratory on nine occasions. The first visit comprised study
briefing and familiarisation with all variables. The purpose of the second visit was to
determine baseline measures, following which participants were divided into two
groups, MILK and CHO. Groups were matched according to player position and peak
torque of the dominant leg knee extensors at 60°/s. All data collection took place at
the same time of day following 24h abstinence from alcohol, caffeine and exercise.

Participants completed all measures following an overnight fast and a small
standardised snack. No more than 5 days post-baseline measures, participants
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completed an exercise protocol comprising a team sport circuit that simulates team
sport games (STG1). Participants returned to the laboratory at 24 and 48h post
exercise to repeat baseline measures. Upon completion of outcome measures 48h
post-exercise, participants repeated the circuit (STG2) returning again to repeat
baseline measures 72h and 96h post STG1 (Figure 7.1). Participants were requested
to refrain from strenuous activity for the duration of the study, and from treating the
symptoms of muscle damage and soreness with interventions such as nutritional
supplements, massage, cryotherapy and non-steroidal anti-inflammatory drugs.
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Figure 7. 1 Schematic of Study Design

7.2.3 Nutritional intervention and dietary control
Thirty minutes prior to commencing each STG each participant consumed a small
snack (Oats and Honey cereal bar, Nature Valley, Middlesex, UK). The macronutrient
composition of the bar was: energy 805kJ/192kcal, protein 3.4g, carbohydrate 27.1g,
fat 7.2g. Immediately following the protocol, participants were provided with either
500ml of milk or 500ml of an energy-matched carbohydrate solution as detailed in
Section 3.4. Each participant completed a food diary for 24h prior to baseline testing
and for the subsequent 4 days. Food diary details are also presented in Section 3.4.
Analysis using Magnitude Based Inference indicated that there were no clear
differences in energy, carbohydrate, protein or fat intake between groups.
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7.2.4 Exercise protocol
On two occasions, separated by 48h, participants completed a modified version of a
validated exercise protocol described by Bishop et al., (2001) which was designed to
simulate team sport competition. Briefly, following a 10min warm-up, participants
completed 2 x ~30min halves of intermittent running in a circuit layout, separated by
a 10min half-time to simulate the format of camogie and ladies Gaelic football games.
The STG consisted of a circuit that took ~51-53s to complete. Each lap commenced
every 80s and 22 laps were completed in each half. The circuit was ~125m in length
(total distance 5500m) and included three maximal sprints (2x10m and 1x20m),
striding (27m), an agility exercise (12m) and countermovement jumps (2x), all
separated by walking (20m) and jogging (26m) (Figure 7.1). Sprint performance (5m,
15m), CMJ, lap time, HR and RPE were recorded for each lap of the circuit. On the
first day of the circuit, participants were allowed to drink water ad libitum; the same
volume of water was provided to each participant for consumption during the second
circuit. Upon completion of the STG, participants completed a standard cool-down,
immediately after which they were provided with their assigned drink.

Agility
Walk
Jog

CMJ

Stride
Sprint
Timing gate

FINISH

CMJ

START

Figure 7. 2 Simulated team game circuit
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7.2.5 Blood sampling
Following a 10min rest in the supine position, and prior to any other measurements, a
venous blood sample was obtained via venepuncture from a forearm vein at the
antecubital fossa. Details of analysis are provided in Section 3.8.1(CK), Section 3.8.3
(hsCRP), Section 3.8.4 (PC) and Section 3.8.6 (LOOH).

7.2.6 Peak torque
Peak isokinetic torque was determined on a Biodex System3 Isokinetic dynamometer
according to details in Section 3.9.
7.2.7 Rate of force development
Rate of force development (RFD) was determined over 100-200ms of an isometric
contraction (Peñailillo et al., 2015), as detailed in Section 3.10.

7.2.8 Countermovement jump height
Countermovement jump height (cm) was determined according to the details in
Section 3.11.

7.2.9 Reactive Strength Index
Reactive Strength Index (RSI) was measured from three maximal effort drop jumps
from a height of 45cm onto an indoor sprint track. Refer to Section 3.12 for details.

7.2.10 Sprint performance
Five metre, 10m and 20m sprint performance, from a standing start 20cm behind the
start line, were performed on an indoor sprint track. See Section 3.13 for detailed
procedures.

7.2.11 Muscle soreness and muscle tiredness
Using a Visual Analogue Scale (VAS), active muscle soreness during squatting to
approximately 90° knee flexion and during isokinetic testing of knee extension at
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60◦/s was determined. A similar VAS was used to measure passive muscle
tiredness. See details in Section 3.6.

7.2.12 Symptoms of stress
The Daily Analysis of Life Demands (DALDA) questionnaire (Rushall, 1990) was
used to monitor the symptoms of stress. The questionnaire was completed at the
same time each day and Section 3.7 provides details on how the questionnaire was
administered.
7.2.13 Data analysis
Data was analysed by making probabilistic magnitude based inferences about the
true values of the effect of intervention on outcomes by expressing the uncertainty as
90% confidence limits (CL) as described by Batterham and Hopkins (2006). See
Section 3.14 for details.

7.3

Results

7.3.1 Within-group effects
Post-STG1 analysis of within-group effects revealed post-exercise decreases in peak
torque, CMJ, RSI, sprint performance and RFD, increases in serum CK and hsCRP
and in muscle soreness and tiredness. Minimal effects were seen on markers of
oxidative stress. The impact of STG2 on muscle function was minimal, with mostly
trivial or unclear outcomes, though there was a trivial decrease in sprint performance
following STG2. STG2 resulted in increased CK, hsCRP for CHO and LOOH for
MILK. Mean effects, ± 90%CI, with qualitative inferences and Effect Size are
presented in Table 7.1.

Table 7. 1 Within-group effects over time for dependent variables
Variable

Timeframe

Peak Torque
60◦/s Extension
MILK
B-24
B-48
B-72
B-96
48-72

Mean effect, ±90% CI or
Factor effect x/÷ 90% CIa

Qualitative inferenceb

-6.1, ±3.6
-4.7, ±3.4
-4.5, ±4.7
-3.3, ±4.7
0.2, ±5.6

Small decrease**
Small decrease*
Small decrease*
Trivial decrease*
Trivial**
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Variable

CHO

Peak Torque
60◦/s Flexion
MILK

CHO

Peak Torque
180◦/s
Extension
MILK

CHO

Peak Torque
180◦/s Flexion
MILK

CHO

CMJ
MILK

Qualitative inferenceb

48-96
B-24
B-48
B-72
B-96
48-72
48-96

Mean effect, ±90% CI or
Factor effect x/÷ 90% CIa
1.4, ±5.5
-10.2, ±2.9
-9.6, ±5.0
-6.8, ±4.2
-3.6, ±3.2
3.0, ±2.3
6.7, ±4.9

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

-5.0, ±6.1
-5.4, ±5.5
-3.0, ±5.1
-3.2, ±5.6
2.5, ±6.1
2.3, ±3.8
-11.6, ±4.9
-15.3, ±9.5
-12.3, ±11.5
-5.4, ±9.7
3.6, ±3.4
11.7, ±3.1

Small decrease**
Small decrease**
Small decrease*
Unclear
Unclear
Unclear
Moderate decrease***
Moderate decrease***
Moderate decrease**
Unclear
Small increase*
Moderate increase****

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

-4.0, ±4.6
-1.7, ±5.0
-1.6, ±5.3
-1.8, ±5.9
0.2, ±2.9
-0.1, ±4.0
-3.2, ±2.9
-3.4, ±4.7
-4.6, ±4.4
-1.5, ±3.1
-1.2, ±3.7
2.0, ±3.5

Small decrease*
Trivial**
Trivial**
Trivial decrease*
Trivial***
Trivial**
Small decrease*
Small decrease*
Small decrease**
Trivial decrease*
Trivial decrease*
Unclear

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

-4.7, ±5.0
-3.1, ±1.8
-4.2, ±3.4
-4.5, ±5.9
-1.1, ±4.4
-1.5, ±5.9
-7.0, ±5.2
-9.1, ±3.7
-6.1, ±7.6
-5.3, ±7.3
3.3, ±6.1
4.2, ±6.5

Small decrease*
Small decrease*
Small decrease*
Small decrease*
Trivial**
Unclear
Small decrease**
Small decrease***
Small decrease*
Small decrease*
Unclear
Unclear

B-24
B-48
B-72
B-96

-6.1, ±2.1
-4.7, ±3.6
-4.7, ±2.8
-3.3, ±3.5

Small decrease***
Small decrease**
Small decrease**
Trivial decrease*

Timeframe
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Trivial*
Moderate decrease****
Moderate decrease***
Moderate decrease***
Small decrease**
Small increase**
Small increase***

Variable

CHO

RSI
MILK

CHO

5m sprint
MILK

CHO

10m sprint
MILK

CHO

20m sprint
MILK

CHO

Qualitative inferenceb

48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

Mean effect, ±90% CI or
Factor effect x/÷ 90% CIa
0.1, ±3.7
1.5, ±1.4
-7.5, ±5.7
-8.6, ±7.3
-6.5, ±5.5
-5.3, ±7.0
2.4, ±4.0
3.6, ±3.7

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

-8.5, ±6.1
-13.5, ±5.2
-17.8, ±5.4
-10.0, ±6.0
-5.0, ±6.4
4.1, ±6.7
-15.0, ±6.4
-14.8, ±5.6
-10.8, ±10.7
-2.8, ±12.2
4.9, ±7.8
14.1, ±10.0

Small decrease**
Moderate decrease****
Moderate decrease****
Small decrease***
Small decrease*
Unclear
Moderate decrease***
Moderate decrease****
Small decrease**
Trivial decrease*
Unclear
Moderate increase***

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

1.3, ±1.5
1.5, ±2.3
2.2, ±2.6
-0.3, ±4.5
0.7, ±1.9
-1.7, ±3.5
3.1, ±2.1
3.8, ±2.7
4.8, ±3.2
2.8, ±3.0
1.0, ±1.5
-1.0, ±1.5

Trivial decrease*
Small decrease*
Small decrease**
Unclear
Trivial*
Unclear
Moderate decrease***
Moderate decrease***
Large decrease***
Moderate decrease**
Small decrease*
Unclear

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

2.2, ±1.4
1.2, ±1.8
1.9, ±1.7
-0.8, ±0.8
0.7, ±1.4
-1.9, ±1.5
2.2, ±1.9
2.8, ±2.0
2.5, ±2.1
1.1, ±1.4
-0.2, ±1.4
-1.6, ±1.9

Small decrease**
Small decrease*
Small decrease**
Trivial increase*
Trivial decrease*
Small increase**
Moderate decrease**
Moderate decrease***
Moderate decrease**
Small decrease*
Unclear
Small increase**

B-24
B-48
B-72
B-96
48-72
48-96
B-24

2.6, ±1.7
2.1, ±1.3
2.7, ±1.7
0.2, ±3.3
0.6, ±1.2
-2.2, ±3.1
2.0, ±1.1

Small decrease**
Small decrease**
Small decrease**
Unclear
Trivial*
Unclear
Small decrease**

Timeframe
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Trivial**
Unclear
Moderate decrease**
Moderate decrease**
Small decrease**
Small decrease**
Unclear
Small increase**

Variable

RFD
MILK

CHO

Creatine
Kinase
MILK

CHO

hsCRP
MILK

CHO

Qualitative inferenceb

B-48
B-72
B-96
48-72
48-96

Mean effect, ±90% CI or
Factor effect x/÷ 90% CIa
2.0, ±2.1
2.4, ±1.3
1.2, ±1.1
0.4, ±1.8
-0.8, 2.2

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

-12.1, ±17.4
-21.6, ±11.6
-14.6, ±13.7
-8.2, ±9.0
8.9, ±14.6
17.1, 20.4
-35.5, ±18.3
-30.4, ±14.0
-26.7, ±14.9
-33.2, ±22.3
-3.1, ±25.4
-4.0, ±23.6

Small decrease*
Moderate decrease***
Small decrease**
Trivial decrease*
Unclear
Small increase*
Moderate decrease***
Moderate decrease***
Moderate decrease***
Moderate decrease**
Trivial decrease*
Trivial decrease*

B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96
B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96

1.7 x/÷ 1.4
1.7 x/÷ 1.3
1.1 x/÷1.3
2.3 x/÷1.2
1.7 x/÷ 1.7
1.2 x/÷1.3
2.3 x/÷ 1.2
1.6 x/÷ 1.7
1.2 x/÷ 1.2
1.9 x/÷ 1.4
1.7 x/÷ 1.7
1.3 x/÷ 1.5
2.3 x/÷ 1.2
1.7 x/÷ 1.6
1.2 x/÷ 1.4
1.8 x/÷ 1.2
1.3 x/÷ 1.4
0.9 x/÷ 1.3

Moderate increase***
Moderate increase***
Trivial increase*
Large increase****
Moderate increase**
Small increase*
Large increase***
Large increase**
Small increase*
Large increase***
Large increase**
Small increase**
Large increase****
Moderate increase**
Small increase*
Large increase****
Small increase **
Unclear

B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96
B-2
B-24
B-48
B-52
B-72
B-96
48-52

1.1 x/÷ 1.4
1.5 x/÷ 1.5
1.2 x/÷ 1.6
1.1 x/÷ 1.3
1.4 x/÷1.6
1.1 x/÷ 1.8
1.0 x/÷ 1.1
1.1 x/÷ 1.2
0.9 x/÷ 1.4
0.9 x/÷ 1.2
0.9 x/÷ 1.4
0.7 x/÷ 1.4
1.1 x/÷1.3
1.3 x/÷ 1.3
1.2 x/÷ 1.7
1.6 x/÷ 2.0

Unclear
Small increase**
Unclear
Unclear
Unclear
Unclear
Trivial**
Trivial increase*
Unclear
Small increase*
Unclear
Small increase**
Unclear
Unclear
Unclear
Very large increase**

Timeframe
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Small decrease**
Small decrease***
Small decrease*
Trivial decrease*
Unclear

Variable

Soreness
(isokinetic)
MILK

CHO

Soreness
(squat)
MILK

CHO

Tiredness
MILK

CHO

DALDA
MILK

CHO

Qualitative inferenceb

48-72
48-96

Mean effect, ±90% CI or
Factor effect x/÷ 90% CIa
1.8 x/÷ 2.1
1.6 x/÷ 2.0

B-24
B-48
B-72
B-96
48-72
48-96
B-2
B-48
B-72
B-96
48-72
48-96

5.1, ±0.4
6.0, ±0.6
6.1, ±0.9
4.4, ±1.3
0.1, ±0.6
-1.6, ±1.2
5.8, ±0.7
6.1, ±0.9
6.6, ±0.8
5.2, ±1.0
0.5, ±0.8
-0.9, ±0.9

Large increase****
Large increase****
Large increase****
Moderate increase****
Unclear
Small decrease**
Large increase****
Large increase****
Large increase****
Large increase****
Trivial increase**
Trivial decrease**

B-24
B-48
B-72
B-96
48-72
48-06
B-24
B-48
B-72
B-96
48-72
48-96

3.3, ±1.4
4.2, ±1.1
4.4, ±1.4
3.2, ±1.1
0.2, ±1.1
-1.1, ±0.9
3.4, ±1.2
5.3, ±0.7
5.0, ±1.0
3.6, ±1.1
-0.3, ±1.3
-1.7, ±1.2

Moderate increase***
Moderate increase****
Moderate increase****
Moderate increase****
Unclear
Small decrease**
Moderate increase****
Large increase****
Large increase****
Moderate increase****
Unclear
Small decrease***

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72
48-96

4.2, ±1.2
5.0, ±1.3
4.9, ±1.0
3.8, ±0.9
-0.1, ±0.9
-1.2, ±1.1
4.3, ±0.8
6.0, ±1.0
6.0, ±1.1
4.3, ±1.1
0.0, ±1.2
-1.2, ±1.1

Moderate increase****
Large increase****
Moderate increase****
Moderate increase****
Unclear
Trivial decrease**
Moderate increase****
Large increase****
Large increase****
Moderate increase****
Unclear
Small decrease***

B-24
B-48
B-72
B-96
48-72
48-96
B-24
B-48
B-72
B-96
48-72

2.9, ±1.3
4.3, ±2.1
4.2, ±2.3
3.8, ±2.9
-0.1, ±1.2
-0.5, ±1.6
5.3, ±1.6
8.0, ±1.7
7.4, ±2.1
5.8, ±2.4
-0.6, ±1.0

Small increase***
Small increase***
Small increase***
Small increase***
Unclear
Unclear
Small increase****
Moderate increase****
Moderate increase****
Small increase****
Trivial decrease**

Timeframe
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Very large increase**
Large increase**

Variable

LOOH
MILK

CHO

PC
MILK

CHO

Qualitative inferenceb

48-96

Mean effect, ±90% CI or
Factor effect x/÷ 90% CIa
-2.2, ±2.0

B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96
B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96

1.0 x/÷ 1.4
1.0 x/÷ 1.1
1.0 x/÷ 1.2
0.9 x/÷ 1.2
1.0 x/÷ 1.3
1.0 x/÷ 1.3
1.0 x/÷ 1.1
1.0 x/÷ 1.0
1.0 x/÷ 1.2
1.1 x/÷ 1.1
0.9 x/÷ 1.1
1.0 x/÷ 1.2
1.0 x/÷ 1.2
1.0 x/÷ 1.2
0.8 x/÷1.3
1.0 x/÷ 1.3
1.0 x/÷ 1.3
0.9 x/÷ 1.4

Unclear
Trivial**
Trivial*
Unclear
Unclear
Unclear
Trivial**
Trivial increase*
Trivial increase*
Trivial increase*
Small decrease*
Unclear
Unclear
Trivial*
Unclear
Trivial*
Unclear
Trivial decrease*

B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96
B-2
B-24
B-48
B-52
B-72
B-96
48-52
48-72
48-96

1.0 x/÷ 1.8
1.1 x/÷ 1.5
1.0 x/÷ 1.3
1.0 x/÷ 1.5
0.8 x/÷ 1.7
1.0 x/÷ 1.4
0.9 x/÷ 1.7
0.8 x/÷ 2.0
1.0 x/÷ 1.5
0.9 x/÷ 1.5
1.0 x/÷ 1.2
1.0 x/÷ 1.4
0.9 x/÷ 1.2
0.9 x/÷ 1.2
1.0 x/÷ 1.4
0.9 x/÷ 1.5
0.9 x/÷ 1.5
1.0 x/÷ 1.4

Unclear
Trivial*
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear

Timeframe

Trivial decrease**

a±

90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference; bQualitative Inference represents the
likelihood that the true value will have the observed magnitude
*Possible, **Likely, ***Very Likely, ****Most likely

7.3.2 Between-group effects
Peak torque
Baseline peak torque values for knee extension at 60°/s for MILK and CHO were
156.7 ± 27.3 Nm and 163.0 ± 14.9 Nm respectively, with both groups remaining
below baseline values at 96h. Changes in peak torque between baseline and 24h for
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MILK and CHO were -5.9 ± 6.8% and -10.0 ± 5.8% respectively, a likely small benefit
(ES=0.26) for MILK. A possible small benefit (ES=0.28) for MILK versus CHO was
found at B-48h (-4.5 ± 8.6% v -9.3 ± 7.8%); an unclear outcome at B-72h (-4.2 ±
8.6% v -6.6 ± 6.7%) and a trivial effect at B-96h (-2.9 ± 8.8% v -3.5 ± 4.9%,
ES=0.04).

At baseline, the peak torque values at 60°/s for leg flexion for MILK and CHO were
81.4 ± 9.3 Nm and 81.7 ± 11.2 Nm, respectively. Changes in peak torque between
baseline and 24h for MILK and CHO were -4.2 ± 13.7%, and -11.3 ± 7.8%,
respectively, a likely small benefit (ES=0.45) of MILK. There was a likely moderate
benefit (ES=0.61) for MILK versus CHO at B-48h (-4.7 ± 12.4% v -14.1 ± 13.5%) and
a small benefit (ES=0.52) at B-72h (-2.2 ± 13.8% v -10.6 ± 15.8%) and an unclear
outcome at B-96h (-2.6 ± 11.8% v -4.4 ± 13.1%). See Figure 7.3.
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110.0

Peak Torque (% of baseline)

105.0
100.0
95.0

MILK
CHO

90.0
85.0
80.0
75.0

70.0

Baseline

24h

48h

72h

96h

Figure 7. 3 Peak torque at 60°/s for dominant knee flexion in response to
repeated simulated team sport games (following Baseline and 48h measures).
Values are presented as means ± SD. **Likely benefit of MILK.
Pre-exercise mean peak torque values for knee extension at 180 ◦/s were 106.5 ±
19.8 Nm and 113.0 ± 11.9 Nm for the MILK and CHO conditions, respectively. A
possible trivial outcome (ES=0.13) was observed for MILK versus CHO at B-24h (3.7 ± 8.6% v –3.1 ± 4.6%). There was an unclear outcome at B-48h (-1.5 ± 8.0% v 177

3.2 ± 7.5%) and B-72h (-1.2 ± 8.3% v -4.4 ± 7.0%) and a trivial outcome (ES=0.07)
from B-96h (-1.3 ± 10.6% v -1.4 ± 5.0%).

Baseline peak torque values for knee flexion at 180°/s for MILK and CHO were 67.8
± 11.7 Nm and 66.9 ± 11.3 Nm. Changes in the peak torque between baseline and
24h for MILK and CHO were –4.4 ± 8.0%, and –6.6 ± 8.9%, respectively, an unclear
outcome. A likely small benefit (ES=0.32) of milk was seen at B- 48h (-3.0 ± 2.8% v 8.9 ± 6.3%). Unclear outcomes were observed for B-72h (-4.0 ± 5.8% v -5.4 ± 12.1%)
and B-96h (-4.1 ± 9.8% v -4.7 ± 11.1%).

Rate of force development
Baseline values for mean rate of force development (100-200ms) were 429.2 ± 125.2
Nm.s-1 and 448.1 ± 151.9 Nm.s-1 for MILK and CHO, respectively. An unclear
outcome for MILK versus CHO was noted at B-24h (-7.2 ± 34.9% v -13.8 ± 57.0%)
and a trivial outcome (ES=0.13) at B-48h (-19.3 ± 20.5% v -17.5 ± 36.2&). Unclear
outcomes were observed at B-72h (-11.4 ± 25.9% v -17.0 ± 68.1%) and B-72h (-3.5 ±
30.9% v -16.9 ± 42.3%).

Countermovement jump performance
Baseline mean countermovement jump heights for MILK and CHO were 25.8 ± 4.5
cm and 27.7 ± 10.6 cm, respectively. All comparisons at all timepoints were unclear:
B-24h (-6.0 ± 4.5% v -6.9 ± 10.6%), B-48h (-4.5 ± 6.3% v -7.8 ± 11.8%), B-72h (-4.5
± 5.6% v -6.0 ± 9.1%) and B-96h ( -3.1 ± 7.2% v -4.6 ± 11.8%).

Reactive strength index
Baseline RSI for the MILK group was 105.8 ± 17.2 cm.s-1 and for the CHO group was
113.6 ± 18.3 cm.s-1. Comparisons of MILK and CHO at B-24h (-7.9 ± 11.8% v -14.1 ±
12.0%), and B-48h (-13.1 ± 9.9% v -23.6 ± 29.5%) were unclear. Comparisons from
B-72h (-17.3 ± 10.4% v -7.2 ± 24.9%, ES=0.47) and B-96h (-9.5 ± 10.8% v -0.3 ±
25.2%, ES=0.48) revealed a possible small harmful effect of milk.

Sprint performance
At baseline, 5m sprint times were 1.17 ± 0.10 s and 1.18 ± 0.04 s for MILK and CHO,
respectively. Between baseline and 24h there was a possible small benefit (ES=0.40)
of MILK (-1.4 ± 3.0%) compared to CHO (-3.1 ± 6.3%). A likely small benefit
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(ES=0.51) of milk was observed at B-48h (-1.5 ± 4.1% v -3.9 ± 7.0%) and a likely
small benefit (ES=0.58) at B-72h (-2.3 ± 4.4% v -5.0 ± 9.5%). Comparison of MILK
and CHO B-96h (0.1 ± 6.9% v -2.8 ± 5.9%) was unclear. Changes can be see in
Figure 7.4.
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110.000

105.000
MILK
CHO
100.000

95.000

90.000

Baseline

24h

48h

72h

96h

Figure 7. 4 5m sprint performance in response to repeated simulated team
sport games (following Baseline and 48h measures).
Values are presented as means ± SD. *Possible benefit of MILK. **Likely benefit
of MILK.
Baseline 10m sprint times for MILK and CHO were 2.00 ± 0.10 s and 2.04 ± 0.07 s. A
trivial outcome was noted at B-24h (-2.3 ± 2.6% v -2.3 ± 3.8%). A likely small benefit
of milk was seen from B-48h (-1.3 ± 3.1% v -2.8 ± 3.5%, ES=0.50) and from B-72h (2.0 ± 2.9% v -2.6 ± 4.0%, ES=0.30). A possible small benefit (ES=0.53) of milk was
seen at B-96h (0.7 ± 2.1% v -1.1 ± 2.4%).

With baseline values of 3.47 ± 0.20 s (MILK) and 3.55 ± 0.17 s (CHO), a possibly
trivial outcome was observed for 20m sprint performance at B-24h (-2.6 ± 3.0% v -2.0
± 2.7%, ES=0.02). An unclear outcome was seen at B-48h (-2.1 ± 2.2% v -2.1 v
3.7%). A possibly trivial effect was noted at B-72h (-2.7 ± 5.1% v -2.4 ± 2.4%,
ES=0.02) with an unclear outcome at B-96h (0.1 ± 5.1% v -1.2 ± 1.8%).
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A summary of the statistical analysis for Peak torque, RFD, CMJ, RSI and sprint
performance can be seen in Table 7.2.

180

Table 7. 2 Effects on muscle function following repeated sprinting and jumping
Mean effecta,
Qualitative inferencec
±90% CIb
Peak Torque
B – 24h
5.1, ±5.2
Small benefit**
60°/s
B – 48h
5.2, ±6.7
Small benefit*
Leg extension B – 72h
2.5, ±6.5
Unclear
B – 96h
0.3, ±5.6
Trivial*
Peak Torque
B – 24h
7.4, ±8.6
Small benefit**
60°/s
B – 48h
11.4, ±13.6
Moderate benefit**
Leg flexion
B – 72h
10.5, ±15.2
Small benefit**
B – 96h
2.3, ±11.5
Unclear
Peak Torque
B – 24h
-1.7, ±5.4
Trivial*
180°/s
B – 48h
1.5, ±6.9
Unclear
Leg extension B – 72h
3.0, ±7.1
Unclear
B – 96h
-0.9, ±6.6
Trivial*
Peak Torque
B – 24h
2.7, ±7.4
Unclear
180°/s
B – 48h
6.6, ±4.6
Small benefit**
Leg flexion
B – 72h
2.2, ±8.8
Unclear
B – 96h
0.9, ±9.4
Unclear
RFD (0B – 24h
18.8, ±46.6
Unclear
200ms)
B – 48h
2.2, ±28.0
Trivial*
B – 72h
1.0, ±35.8
Unclear
B – 96h
23.9, ±45.6
Unclear
CMJ
B – 24h
0.4, ±6.8
Unclear
B – 48h
2.9, ±9.2
Unclear
B – 72h
1.5, ±6.8
Unclear
B – 96h
1.5, ±8.4
Unclear
RSI
B – 24h
7.4, ±11.1
Unclear
B – 48h
1.1, ±10.8
Unclear
B – 72h
-8.4, ±15.9
Small harm*
B – 96h
-7.8, ±14.3
Small harm*
5m sprint
B – 24h
-1.9, ±2.4
Small benefit*
B – 48h
-2.5, ±3.2
Small benefit**
B – 72h
-2.7, ±3.6
Moderate benefit**
B – 96h
-3.2, ±5.0
Unclear
10m sprint
B – 24h
-0.8, ±2.3
Trivial**
B – 48h
-2.1, ±2.6
Small benefit**
B – 72h
-1.3, ±2.6
Small benefit**
B – 96h
-2.3, ±1.6
Small benefit*
20m sprint
B – 24h
0.1, ±2.1
Trivial*
B – 48h
-0.3, ±2.5
Unclear
B – 72h
-0.1, ±2.0
Trivial*
B – 96h
-0.1, ±3.5
Unclear
a Mean effect refers to MILK minus CHO; b ± 90% CI: add and subtract this number to
the mean effect to obtain the 90% confidence intervals for the true difference;
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude, *Possible,**Likely
Variable

Time Frame
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Muscle soreness and tiredness
Peak soreness during a squat was observed at 48h for CHO and at 72h for MILK,
and values had not returned to baseline by 96h. All comparisons between MILK and
CHO were unclear. Peak soreness during isokinetic testing was seen at 24h postcircuit 2 for both MILK and CHO. A possible trivial benefit was seen for MILK versus
B-24h (51.0 ± 7.4 v 65.5 ± 13.8%). All other comparisons were unclear. Tiredness
followed a similar pattern. A likely trivial outcome was noted at B-24h (41.5 ± 20.6% v
43.0 ± 13.4%), with an unclear outcome at B-48h (50.0 ± 21.6% v 60.0 ± 19.4%). A
likely small benefit of milk was seen at B-72h (49.0 ± 17.9 v 60.0 ±19.4%), with an
unclear outcome at B-96h (38.0 ± 15.5% v 43.0 ± 19.5%).

DALDA
For DALDA B a likely small benefit of MILK (11.6 ± 8.9%) compared to CHO (21.2 ±
11.3%) was observed at B-24h and a very likely small benefit was observed at B-48h
(17.2 ± 14.4% v 32.0 ± 11.8%). From B-72h (16.8 ± 15.5% v 29.6 ± 14.6%) a likely
small benefit of MILK was seen, with an unclear outcome at B-96h (15.2 ± 19.8% v
23.2 ± 16.6%). See Figure 7.5.
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Figure 7. 5 Symptoms of stress measured by DALDA in response to repeated
simulated team sport games (following Baseline and 48h measures).
Values are presented as means ± SD. **Likely benefit of MILK. ***Very likely
benefit of MILK.
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Creatine kinase
Baseline serum CK values were 196.2 ± 130.0 U/l and 188.6 ± 125.0 U/l for MILK
and CHO respectively (Figure 7.6). Unclear outcomes for the comparison of MILK
versus CHO were found at B-2h (1.7 x/÷ 1.6 v 1.9 x/÷ 1.7), B-24h (1.7 x/÷ 1.6 v 1.8
x/÷ 2.2), B-48h (1.1 x/÷ 1.5 v 1.3 x/÷ 1.9), B-52h (2.3 x/÷ 1.9 v 2.3 x/÷ 2.0), B-72h
(1.7 x/÷ 2.5 and 1.7 x/÷ 2.1) and B-96h (1.2 x/÷ 1.6 v 1.2 x/÷ 1.8).
900.0
800.0

Creatine Kinase IU/l

700.0
600.0
500.0

MILK

400.0

CHO

300.0
200.0
100.0
0.0

Baseline

2h

24h

48h

52h

72h

96h

Figure 7. 6 Serum Creatine Kinase in response to repeated simulated team
sport games (following Baseline and 48h measures) for MILK and CHO.
Values are presented as means ± SD.
hsCRP
Baseline hsCRP values were 1.6 ± 2.0 mg/l and 1.1 ± 0.6 mg/l for MILK and CHO. A
likely small harmful effect was observed for MILK versus CHO at B-2h (1.1 x/÷ 1.6 v
0.9 x/÷ 1.6, ES=0.48), a moderate harmful effect B-24h (1.5 x/÷ 1.8 v 0.9 x/÷ 1.8,
ES=0.76) and B-48h (1.2 x/÷ 2.0 v 0.7 x/÷ 1.9, ES=0.61). Unclear outcomes were
seen at B-52h (1.1 x/÷ 2.0 v 1.1 x/÷ 3.0), B-72h (1.4 x/÷ 2.2 v 1.3 x/÷ 3.2) and B-96h
(1.1 x/÷ 2.6 v 1.2 x/÷ 2.7).

Lipid hydroperoxides
Baseline LOOH values were 0.6 ± 0.2 μmol/l and 0.7 ± 0.2 μmol/l for MILK and CHO.
An unclear outcome was observed for MILK v CHO at B-2h (0.9 x/÷ 1.7 v 1.1 x/÷ 1.2).
A likely small harmful effect (ES=0.18) was observed for MILK versus CHO at B-24h
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(1.0 x/÷ 1.2 v 0.9 x/÷ 1.2), with unclear outcomes seen at B-48h (0.9 x/÷ 1.3 v 1.0 x/÷
1.3), B-52h (0.8 x/÷ 1.3 v 1.0 x/÷ 1.3). B-72h (0.9 x/÷ 1.5 v 1.0 x/÷ 1.3) and B-96h (0.9
x/÷ 1.5 v 0.8 x/÷ 1.4).

Baseline PC values were 0.34 ± 0.33 nmol/mg protein and 0.27 ± 0.06 nmol/mg
protein for MILK and CHO. Unclear outcomes for MILK v CHO were found at all
timepoints: B-2h (0.9 x/÷ 1.9 v 1.1 x/÷ 2.5). B-24h (1.0 x/÷ 1.3 v 1.1 x/÷ 1.8,
ES=0.06), B-48h (0.9 x/÷ 1.8 v 1.0 x/÷ 1.6, ES=0.09, B-52h) (0.8 x/÷ 1.3 v 1.0 x/÷
1.8), B-72h (0.8 x/÷ 1.3 v 0.8 x/÷ 1.4) and B-96h (0.7 x/÷ 1.7 v 1.0 x/÷ 1.6).

Mean effects for all measures of soreness and tiredness, symptoms of stress, CK,
hsCRP, LOOH and PC can be seen in Table 7.3.

184

Table 7. 3 Effects on soreness, tiredness, symptoms of stress, CK, hsCRP,
LOOH and PC following repeated sprinting and jumping
Variable

Time Frame

Muscle soreness
(Squat)

B – 24h
B – 48h
B – 72h
B – 96h
B – 24h
B – 48h
B – 72h
B – 96h
B – 24h
B – 48h
B – 72h
B – 96h
B – 24h
B – 48h
B – 72h
B – 96h
B – 2h
B – 24h
B – 48h
B – 52h
B – 72h
B – 96h
B – 2h
B – 24h
B – 48h
B – 52h
B – 72h
B – 96h
B – 2h
B – 24h
B – 48h
B – 52h
B – 72h
B – 96h
B – 2h
B – 24h
B – 48h
B – 52h
B – 72h
B – 96h

Muscle soreness
(Isokinetic knee
extension/
flexion)
Muscle tiredness

DALDA B

CK

hsCRP

LOOH

PC

Mean effecta, ±/ x/÷
90% CIb
-0.2, ±1.7
-1.1, ±1.3
-0.6, ±1.6
-0.5, ±1.5
-0.7, ±0.8
-0.1, ±1.1
-0.5, ±1.1
-0.8, ±1.5
-0.1, ±1.4
-1.0, ±1.5
-1.1, ±1.5
-0.5, ±1.4
-2.4, ±2.0
-3.7, ±2.6
-3.2, ±2.9
-2.0, ±3.6
1.0, x/÷1.5
1.0, x/÷1.8
0.9, x/÷ 1.5
1.1, x/÷1.6
1.0, x/÷1.9
1.0, x/÷1.5
1.3, x/÷1.5
1.7, x/÷1.6
1.7, x/÷1.7
1.0, x/÷2.1
1.0, x/÷2.2
1.0, x/÷2.1
1.2, x/÷1.5
0.9, x/÷1.2
1.1, x/÷1.3
1.4, x/÷1.7
1.1, x/÷1.4
0.9, x/÷1.4
0.9, x/÷2.0
0.9, x/÷1.5
0.8, x/÷1.6
0.8, x/÷1.5
0.9, x/÷1.3
0.7, x/÷1.6

a

Qualitative
Inferencec
Unclear
Unclear
Unclear
Unclear
Trivial benefit*
Unclear
Unclear
Unclear
Unclear
Unclear
Small benefit**
Unclear
Small benefit**
Small benefit***
Small benefit**
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Small harm**
Moderate harm**
Moderate harm**
Unclear
Unclear
Unclear
Unclear
Small harm**
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear

Mean effect refers to MILK minus CHO; b ± 90% CI: add and subtract this number
to the mean effect to obtain the 90% confidence intervals for the true difference;
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude, *Possible,**Likely, ***Very likely
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7.3.3 Within-group effects for STG variables
Changes in STG variables from STG1 to STG2 were observed. Analysis of withingroup effects revealed a decrease in 5m sprint performance, but a likely increase in
15m sprint performance for both MILK and CHO. Trivial effects were seen for CMJ,
laptime and HR for MILK and CHO. RPE was likely lower in STG2 for CHO, but the
outcome was trivial for MILK. Changes can be seen in Table 7.4.

Table 7. 4 Within group effects from STG1 to STG2
Variable
5m sprint performance
MILK
CHO
15m sprint
performance
MILK
CHO
CMJ
MILK
CHO
Lap time
MILK
CHO
Heart rate
MILK
CHO
RPE
MILK
CHO

Mean effecta, ±90% CIb

Qualitative inferencec

3.0, ±1.7
2.3, ±7.4

Small decrease*
Small decrease***

-3.3, ±2.5
-5.9, ±7.2

Small increase**
Moderate increase**

-1.0, ±4.0
-0.4, ±2.0

Trivial**
Trivial**

-0.5, ±3.5
0.1, ±2.1

Unclear
Trivial**

0.9, ±1.0
0.6, ±0.9

Trivial**
Trivial**

0.0, ±0.8
-0.8, ±0.7

Trivial*
Trivial decrease**

a±

90% CI: add and subtract this number to the mean effect to obtain the 90%
confidence intervals for the true difference; bQualitative Inference represents the
likelihood that the true value will have the observed magnitude
*Possible, **Likely, ***Very Likely, ****Most likely

7.3.4 Between-group effects for STG variables
STG 1 5m sprint times for MILK and CHO were 2.00 ± 0.10 s and 2.04 ± 0.07 s. A
comparison of MILK v CHO revealed an unclear outcome from STG 1 to STG 2 (-3.0
± 13.3% v -3.1 ± 2.0%). 15m sprint times in STG 1 were 3.24 ± 0.25 s and 3.29 ±
0.22 s for MILK and CHO, respectively. An unclear outcome was observed from STG
1–STG2 for MILK v CHO (3.21 ± 3.92% v 5.29 ± 10.32%). Mean CMJ heights in
STG 1 were 21.4 ± 3.2 cm and 21.4 ± 2.8 cm for MILK and CHO. A possibly trivial
outcome was observed for STG 1 v STG 2 (-0.8 ± 6.8% v -0.4 ± 3.3%, MILK v CHO).
STG 1 Lap times for MILK and CHO were 51.1 ± 4.7 s and 52.2 ± 4.9 s. An unclear
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outcome was seen for STG 1 v STG2 for MILK (-0.9 ± 6.4%) versus CHO (0.3 ± 4.2).
Mean HR values from STG 1 were 180.5 ± 15.1 bpm and 182.0 ± 5.5 bpm for MILK
and CHO, respectively. Comparison of MILK and CHO from STG 1 to STG 2 showed
a likely trivial effect. Mean RPE for MILK and CHO for STG 1 were 14.0 ± 1.8 and
13.9 ± 1.7. A comparison of MILK v CHO from STG 1 to STG 2 was unclear. See
Table 7.5 and Figure 7.7.

Table 7. 5 Effects on circuit variables; 5m sprint, 15m sprint, lap time, jump
height, HR and RPE
Mean effecta ± 90%
Qualitative
b
CI
Inferencec
5m sprint
-1.5, ±7.4
Unclear
15m sprint
-0.8, ±3.2
Unclear
CMJ
-0.6, ±4.4
Trivial*
Lap time
-1.1, ±3.9
Unclear
HR
-0.3, ±1.3
Trivial**
RPE
-0.6, ±1.0
Unclear
a Mean effect refers to MILK minus CHO; b ± 90% CI: add and subtract this number
to the mean effect to obtain the 90% confidence intervals for the true difference;
cQualitative Inference represents the likelihood that the true value will have the
observed magnitude, *Possible,**Likely
Variable
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Figure 7. 7 Mean values for STG 1 v STG 2 a. 5m sprint performance. b. 15m
sprint performance. c. Countermovement jump performance. d. Lap time. e
Heart rate. f. Rate of Perceived Exertion
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7.4

Discussion

The present study is the first to examine the effect of milk on recovery from repeated
simulated team sport in females. The principal findings were that milk had a positive
effect on attenuating losses in peak torque, sprint performance and symptoms of
stress, and on increases in some measures of muscle soreness and tiredness
following STG1. For the STG variables, there was no effect of milk on CMJ and HR
from STG1 to STG2 with all other STG comparisons unclear. The second STG did
not lead to a secondary decrease in muscle function (apart from sprint performance,
though this was not consistent across both groups), soreness, tiredness or
perceptions of stress. There was a post-STG2 increase in CK and in hsCRP (CHO)
and LOOH (MILK).

The consumption of milk had a beneficial effect on muscle function, specifically peak
torque and sprint performance (5m and 10m) over the recovery period. Similar
benefits have been noted when milk was consumed following repeated sprinting and
jumping in females (Rankin et al., 2018, Chapter 6) and the magnitude of loss
observed was similar to that reported following match participation by female soccer
players (Andersson et al., 2008). The benefit of milk on recovery of muscle function
in this study speculatively arises from a post-exercise enhancement of protein
balance resulting in a stimulation of protein synthesis rates (Groen et al., 2015). For
RFD and RSI, comparisons of MILK v CHO revealed unclear outcomes with MILK
being possibly harmful for RSI from B-72h and B-96h. There was considerable
variability in both these variables perhaps due to the more technical nature of the
measures. Unclear outcomes were also observed for CMJ. This is in contrast to
previous research which reported a beneficial effect of milk on recovery of CMJ
following repeated sprinting and jumping in females (Rankin et al., 2018, Chapter 6).
The effect of milk on measures of soreness and tiredness were primarily unclear,
though a likely benefit for MILK was noted for tiredness from baseline-72h. Given that
soreness is a subjective measure and that this investigation employed an
independent-groups design it is difficult to compare conditions. Regardless, the
mechanism underpinning the manifestation of soreness is not fully elucidated. The
soreness reported was comparable to those of female soccer players following match
participation (Andersson et al., 2008) though somewhat lower than male rugby
players who completed a similar circuit (Duffield et al., 2008). This was not
unexpected as the perception of pain and post-exercise muscle soreness may be
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influenced by oestrogen via a role in the binding of opioids to receptors in the brain
and spinal cord modifying the transmission of pain (Kendall and Eston, 2002). Milk
had beneficial effects on the perceptions of the symptoms of stress, as has been
previously observed (Rankin et al., 2018, Chapter 6), with participants who
consumed milk reporting fewer ‘worse than normal’ symptoms over the recovery
period. While it is plausible that bias existed because of a lack of binding to the drink
consumed, an attenuation of negative aspects of psychological wellbeing is likely to
be positive for athletes.

Comparison of hsCRP data indicates a likely harmful effect of MILK over the 48h
post STG1, though an unclear outcome following STG2. This early benefit for CHO is
a result of a decrease in hsCRP from baseline to 2h and baseline to 48h, while the
MILK group showed possible increases during this time. It has been shown that
carbohydrate consumption has an effect in attenuating increases in some
inflammatory markers following intermittent exercise (Bishop et al., 2002). This is
probably due to the effect of increased blood glucose concentrations on cortisol and
release of cytokines from monocytes and macrophages (Nieman et al., 2001).
However, this does not explain the lack of benefit for CHO following STG2, and
importantly the 500ml of milk also contained carbohydrate (25.5g). Previous research
with elite female soccer players reported an increase in both pro- and antiinflammatory cytokine responses following a soccer match, with a dampened
response following a second game 72h later (Andersson et al., 2009). The findings of
this study show an opposite effect for the CHO group, with an increase in hsCRP
following STG2. Obviously hsCRP may not be reflective of the overall cytokine
response and further research is warranted to investigate this further.

In accordance with previous research with female team sport athletes (Rankin et al.,
2017; 2015, Chapters 4, 5), the effect of milk on the accumulation of serum CK was
unclear. Peak CK was lower than that reported in previous studies that utilised
variations of the STG (Singh et al., 2011; Ingram et al., 2009; Duffield et al., 2008).
However, participants in the aforementioned studies were male and it has been
reported that oestrogen has a protective effect on the myofibrillar membrane resulting
in a smaller increase in serum CK following exercise (Stupka et al., 2001). Peak CK
for female soccer players following 2 soccer games has been reported as 414 U/l
(Andersson et al., 2008), which is comparable to the peak in the current study. We
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found no evidence that MILK attenuated oxidative stress as comparisons of MILK v
CHO for LOOH and PC were typically unclear. However, this is consequential to the
surprising observation that we did not see clear evidence of oxidative stress
throughout the trial. This was unexpected as previous investigations have reported
increases in oxidative stress following participation in both repeat-sprint trials
(Deminice et al., 2013) and team sport matches (Silva et al., 2013). The divergent
findings in the oxidative stress response between this and previous studies could be
explained by the use of different biochemical markers or analytical techniques. There
is also the possibility that oxidative stress did occur but was confined to the muscle
tissue and was not detected in the circulation, which is conceivable as the muscle is
the prime producer of ROS following exercise (Jackson et al., 2016). Given that the
markers of muscle damage increased but the markers of oxidative stress did not, it is
reasonable to speculate that the participants’ basal antioxidant status was more than
sufficient to manage any increase in oxidative stress during and after exercise.

Interestingly, despite milk benefiting muscle function measures over the recovery
period, a comparison of sprint performance and CMJ from STG1 to STG2 revealed
no clear benefit of MILK. MILK also had no clear effect on lap time, HR or RPE. This
is in contrast to an investigation by Poulios et al., (2018) who reported that protein
consumption following a game of soccer had a positive effect on aspects of
locomoter activity in a second game performed 72h later. The protein intake in that
study was greater than in this, with an intake of 80g during the 6h post-exercise
which may explain the observed differences. A relevant observation by Mohr et al.,
(2016) highlighted no difference in peak sprinting speed and sprinting distance when
3 simulated games were played within 7 days, despite increases in other markers of
fatigue and muscle damage. Of note in the current study is that the average 5m
sprint time in STG1 and STG2 (~1.37s) was considerably slower than the isolated
sprint times measured during recovery (~1.20s), and CMJ height was approximately
80% of the isolated jump height indicating that participants did not sprint nor jump
maximally during the STG. This is most likely related to the physiological demands of
the STG but nonetheless, questions the validity of using isolated sprint and jump
performance as a marker of recovery, or a predictor of performance for subsequent
match situations. Despite the STG2 15m sprint times being likely faster for both
groups, overall lap times from STG 1 to SGTG2 were unchanged. This demonstrates
that athletes altered their activity profiles, a phenomenon that has been observed
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during actual match-play where athletes alter their low intensity activity in order to
preserve high intensity running capacity at a later stage (Smith et al., 2015).
Furthermore, based on the results of this study, it is conceivable that the positive
effect of milk is greatest when participants are performing maximally. What we
understand from this is that isolated measures of sprint performance and jump height
are not indicators of the performance of these measures within a simulated team
sport situation. Thus, crucially, future research should consider the validity of
indicators of recovery.

Similar to previous research (Andersson et al., 2008; Ispirlidis et al., 2008), the
results of this study indicate that recovery of muscle function, soreness/tiredness and
CK were not complete prior to the start of STG2, 48h following the first bout. Other
investigations have reported decreases in CMJ performance following a soccer
match, but there is variability in the recovery response of this measure. It has been
reported that CMJ is still reduced 72h post-match (Andersson et al., 2008), while
Silva et al., (2013) noted that CMJ performance was restored 48h post-match. In
these cases, variability may, in part, be due to the variability in the matches
themselves, in particular with regard to higher speed activities (rather than distance
covered which is quite stable from match to match, Gregson et al., 2010). In the
current study, CMJ performance for all participants remained below baseline at 48h
post STG1 and remained below baseline for the remainder of the recovery period.
Surprisingly, STG2 had little impact on measures of muscle function, soreness,
tiredness or perceptions of stress. Differences from 48-72h and 48-96h were typically
trivial or unclear with some measures (peak torque, CMJ, RSI, soreness, tiredness,
DALDA) continuing to return towards baseline values despite the demands of STG2.
This could suggest a repeated bout effect whereby the exposure to the demands of
STG1 may have provided a protective effect resulting in less muscle damage and
fatigue following STG2 (McHugh, 2003). The exception to this was 5m sprint
performance for MILK and CHO and 10m sprint performance for MILK which
decreased following STG2. Nonetheless, performance of all muscle function
variables remained below baseline at 96h, which has implications for coaches and
athletes in terms of training programmes and competition fixtures. The two-fold
increase in the pattern of serum CK was as expected, with an increase observed
following STG1, returning towards baseline before a second increase following
STG2. This is similar to the pattern observed following repeated match play (Mohr et
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al., 2016; Andersson et al., 2008), though this pattern is clearly not aligned to that of
muscle function. The other serum markers were either not impacted by STG2 (PC) or
not impacted across both groups (LOOH, hsCRP). This may reflect variability in the
measures.

Despite the attempt to use an exercise protocol that simulates the physiological
demands of team sports, there are some non-physiological factors not part of the
protocol that can significantly influence physiological performance in real-game
situations. These include match contextual factors such as match status (a score),
lack of an opponent, an unrealistic match location and lack of physical contact.
Importantly, the exercise protocol was conducted without a ball or hurl, and thus did
not include kicking, catching or striking activities which would not only influence
physiological factors during the protocol, but possibly post-exercise fatigue and
muscle damage.

In conclusion, the present study clearly demonstrates that consumption of milk
following two simulated team games separated by 48h can attenuate losses in peak
torque, sprint performance and symptoms of stress compared to an energy-matched
carbohydrate drink in female athletes, with benefits also for some measures of
soreness and tiredness. A similar outcome was not observed for RSI, RFD and CMJ
and serum biomarkers. From a practical perspective, this study indicates that milk
may serve to enhance the recovery of female athletes following team-sport
participation. No benefit of milk was observed for sprint performance, jump height or
lap times within the second STG protocol which questions how transferable isolated
measures of recovery are to real match performances. Further research is necessary
to elucidate if milk can affect within-game performance variables when recovery
periods are limited.
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Chapter 8: Overall Discussion
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8.1

Introduction

The overarching purpose of this thesis was to investigate the effect of milk on
recovery from a variety of exercise protocols with a focus on the female athlete. The
main finding was that postexercise consumption of 500ml of milk had a beneficial
effect on recovery of muscle function following exercise, though a degree of variation
was observed across a wide range of measures. However, milk offered little benefit
when the exercise did not include any eccentric loading (Study 2). Overall
dissociation between the effect of milk on muscle function and markers of muscle
damage (soreness, tiredness, CK) was noted, suggesting that careful consideration
needs to be given to the interpretation of markers of fatigue and recovery following
exercise.

Previous research examining the effects of milk in an exercise context have focused
on resistance training (Josse et al., 2010; Hartman et al., 2007; Rankin et al., 2004)
or recovery from eccentric exercise (Cockburn et al., 2012; 2010; 2008). While
providing valuable insight into the potential benefits of milk, the exercise protocols
utilised in these studies do not accurately represent the nature of many sport and
exercise activities. The investigations presented in this thesis aimed to expand on
existing knowledge by examining the effects of milk on recovery from a variety of
exercise protocols, in order to enhance the practical application of milk as a recovery
beverage.

Furthermore, this thesis presents a series of investigations focusing on female
athletes, a reasonably novel approach considering the underrepresentation of
females in sport and exercise research (Costello et al, 2014; Brookshire, 2016). The
dearth of research with female athletes has resulted in application to females of
knowledge that has been generated solely from research involving male participants.
It has been highlighted that there is a clear need to improve our understanding of
female physiology (Bruinvels et al., 2016) and this thesis has attempted to address
this deficit. Sex-comparison studies, as in Study 1, can contribute to our
understanding of human physiology and how sex differences during exercise can
impact recovery, but also inform nutritional intervention, identifying if customised
nutrition recommendations on the basis of sex are necessary. Sex-specific
investigations, as in Study 2, 3 and 4 allow for the further development of the
understanding of the responses of this cohort to exercise and specific nutritional
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plans. The results of this thesis indicate that the post-exercise consumption of milk is
beneficial for recovery from varying forms of exercise in female athletes. This means
that, for this population, the inclusion of milk as part of a recovery nutritional plan is a
worthwhile consideration.

8.2

The Effect of Milk on Recovery From Exercise

The consumption of milk had positive effects on muscle function of female athletes
across all investigations, though the probability of a beneficial effect varied across
studies. The greatest positive effects were seen on the measurement of peak torque
at both 60◦/s and 180◦/s. Sprint performance was benefited somewhat apart from
Study 2 which may be due to the non-eccentric nature of the initial exercise protocol.
The effects on CMJ, RSI and RFD were primarily unclear, apart from Study 3 for
CMJ, and the sensitivity of CMJ, RSI and RFD as measures of recovery are
discussed below. Overall, for muscle function, the greatest mean effect of milk and
the largest effect size were observed for Study 1 and Study 3 when the eccentric
loading was greatest. For sprint performance, the mean effect of milk was similar for
Study 3 and Study 4. Notably, these results suggest that milk is probably of greatest
benefit when the level of mechanical stress is high.

The positive effects of milk observed in previous investigations have been attributed
to a positive protein balance following the consumption of milk, as a result of an
increase in protein synthesis and a decrease in protein breakdown (Wilkinson et al.,
2007; Elliott et al., 2006). Resistance exercise research has provided compelling
evidence that post-exercise protein ingestion induces a synergistic combination of
the two stimuli (Glynn et al., 2010; Biolo et al., 1995), resulting in increased mRNA
expression and changes in muscle protein content (McGlory et al., 2017). This is a
credible explanation for the observed results in this thesis, particularly Study 1 which
involved strenuous eccentric exercise. Speculatively, the ingestion of milk resulted in
rapid aminoacidemia, providing a substrate for de novo protein synthesis (Miller et
al., 2004). This increase in muscle protein synthesis could enhance the repair of
damaged myofibres and cellular structures, having a positive effect on muscle
function capacity in the recovery period. In addition to this, the consumption of milk
may have reduced protein breakdown through its insulinogenic effect (Bird et al.,
2006). A reduction in protein breakdown would preserve myofibrillar proteins and
196

thus, attenuate losses in the muscle ability to produce force. The effect of milk on
recovery from the cycling protocol utilised in Study 2 was not as clear. Exposure to
endurance exercise also results in enhanced protein synthesis, but primarily resulting
in enhanced mitochondrial content (Gibala et al., 2006) and may explain the lack of
effect of milk on measures of muscle function that are not endurance based. The
mechanisms underpinning the combined effect of repeated sprinting and protein
ingestion, as examined in Study 3 and 4, on muscle protein synthesis has not been
elucidated in the literature. Myofibrillar protein synthesis is elevated following high
intensity interval training in older men (Bell et al., 2015) though not to the same
extent following resistance training, and such exercise is likely to induce muscle fibre
remodelling rather than accretion (McGlory et al., 2017). Nitrogen balance, or rates of
MPS and MPB were not measured in any of the studies in this thesis, which is a
limitation of the investigations. Subsequently, it is not possible to identify exact
mechanisms responsible for the effects observed. Future investigations that elucidate
these processes promise to enhance our understanding of the exact mechanisms by
which post-exercise milk consumption affects recovery.

Milk had no effect on the inflammatory marker hsCRP in Studies 2, 3 and 4.
However, the exercise protocol in Study 2 was the only one that resulted in clear
changes in CRP at all timepoints. It is possible that hsCRP is not reflective of the
inflammatory state at all timepoints, explaining the unclear and varied results for the
other exercise protocols. Interestingly, Study 4 found that CHO had a positive effect
on the inflammatory marker in the early recovery period. This has been reported
previously (Nieman et al., 2001), though considering that the volume of milk
consumed delivered more than 25g of carbohydrate, further investigations are
warranted in this area. An interesting and relevant insight into post-exercise
inflammation has been provided by Singh et al., (2011) who compared the effects of
intermittent running, either with or without body ‘contact’, on muscle damage and
inflammatory response. They demonstrated that both ‘contact’ and ‘non-contact’
training resulted in elevated serum CK, while CRP only increased following training
with body ‘contact’. Based on the present results and due to the fact that potential
interferences with inflammation are not directly related to muscle damage (Singh et
al., 2011), it appears that CRP may not be a useful and specific enough marker for
monitoring fatigue and recovery following exercise without body contact.
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Milk had little effect on serum CK and sTnI following exercise. A benefit for milk was
only observed for CK for males in Study 1 despite the ‘extremely large’ increases in
CK for females, and increases in sTnI for both sex groups in this study. Moderate to
large effect sizes were seen for both MILK and CHO increases in CK in Study 2, 3
and 4 but no clear benefit of milk was observed. Therefore, a benefit of milk when
mechanical stress is highest (as observed for muscle function) was not observed for
this variable in females. Furthermore, given the benefits noted for muscle function,
the results highlight the disconnect between these commonly used markers of
muscle damage. This lack of effect of milk may represent differing recovery
processes and the use of CK as a valid marker of muscle damage and recovery is
discussed below.

Markers of oxidative stress were not impacted by the exercise protocols completed
(Study 2 and Study 4), and thus, no benefit of milk was noted during the recovery
period. While milk has some anti-oxidant properties (Zulueta et al., 2009; Haug et al.,
2007; Elia et al., 2006), the post-exercise consumption of a moderate amount of milk
was not expected to impact this stress. However, the lack of effect of the exercise
protocol on these markers was surprising as increases in oxidative stress have been
observed following many different types of exercise protocols (Kerasioti et al., 2012;
Child et al., 2000; Marzatico et al., 1997). The conflicting results reported in this
thesis may be as a result of the markers chosen or the analysis techniques used. It is
also tenable that the antioxidant status of the participants was sufficient to manage
any increase in oxidative stress in the post-exercise period. Of course, it is also
possible that the sex of the participants played some role in the results observed as
females typically have lower concentrations of these markers than their male
counterparts (Ide et al., 2002; Mastaloudis et al., 2004).

In Study 3 and Study 4, MILK had a positive effect on the perception of the
symptoms of stress. The difficulties in using subjective measures as an indicator of
recovery have been discussed in the previous chapters. It is possible that, because
of an inability to blind participants to the drink received and available information
regarding potential benefits of milk in recovery, there was a pre-existing perceptual
bias that influenced these measures. However, if this was the case, positive
outcomes would be expected in other variables that are also subjective in nature.
However, across all four investigations, milk had an inconsistent effect on markers of
198

muscle soreness and tiredness, indicating an increased likelihood of a genuine
reduction in the symptoms of stress. A thorough explanation for muscle soreness has
yet to be elucidated, and different mechanisms are responsible for effects on other
variables, with different magnitudes and timecourses. Nonetheless, as commented in
Chapter 7, a positive effect on wellbeing may be beneficial to the athlete regardless
of the clear identification of a mechanism.

8.3

Exercise Protocols

The exercise protocols utilised in this series of investigations resulted in reduced
muscle function and an increase in markers of muscle damage. The effect, however,
was influenced by the nature of the exercise protocol. The decreases in muscle
function were greatest following the eccentrically biased exercise protocol in Study 1.
The reduction in peak torque at 60◦/s and 180◦/s was greater than 25% for the CHO
group, compared to ~4% in Study 2 and up to 14% in Study 3 and Study 4. This is
not surprising considering that the protocol employed comprised maximal eccentric
contractions on the isolated hamstring muscles. Accordingly, Study 1 also produced
the highest muscle soreness and CK values with the mean peak value of ~12000 U/L
compared to 225 U/L in Study 2 and 373 U/L and 477 U/L in Study 3 and Study 4,
respectively. While isolated eccentric exercise provides a suitable model for the study
of EIMD, it does not represent movements that are typically executed during ‘real-life’
sport or exercise. Similarly, the protocol utilised in Study 2 (concentric cycling)
provided an appropriate model for enhancing our understanding of how milk might
affect recovery (indicating that milk was of little benefit) but typically produced lower
fatigue, performance decrements and muscle damage compared to the real world
setting. The protocols selected for Study 3 and Study 4 have greater ecological
validity and practical application for coaches and athletes. It is, thus, apparent that
different exercise scenarios influence recovery differently, highlighting the necessity
of ensuring that recovery interventions are closely matched to the original exercise
demand and are not a ‘one size fits all’ (Minett and Costello, 2015). Thus, in the
context of the overall aim of this thesis, it seems that milk is of greatest benefit when
consumed following isolated eccentric exercise when performance decrements are
greatest. However, from a practical perspective, milk can enhance recovery from
valid exercise protocols that include eccentric loading.
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The experimental design for Study 4 attempted to replicate the demands placed on
many team sport athletes who train and compete regularly with short intervening
periods. Fatigue and reduction in muscle function during match play continue postexercise and usually take a number of days to resolve (Brownstein et al., 2017).
Many players are participating in match schedules that include multiple matches with
short intervening recovery periods. In Gaelic games, many players are playing and
competing at numerous levels including minor (U-18), U-21 and adult grades, and at
club and inter-county levels. Moreover, as is traditional in many areas, there are
players simultaneously training and competing in both hurling/camogie and Gaelic
football, so-called dual players. This level of participation leads to very short recovery
periods between training sessions and matches, impacting both physiological and
psychological ability to compete. In these situations, milk with it’s multifactorial role
may be a suitable recovery beverage, facilitating muscle repair, muscle remodelling,
immune system restoration, glycogen replenishment and rehydration (James et al.,
2018).

For maximum practical application, it is imperative to develop exercise protocols that
closely simulate the demands of different sports (Goodall et al., 2017; Carling et al.,
2015), thus allowing the assessment of recovery that will be valid and meaningful for
athletes and coaches. There has been considerable progress in this area, including a
treadmill-based soccer specific protocol (Page et al., 2015) and a soccer protocol
incorporating intermittent activity and ball dribbling tests (Russell et al., 2011). Carling
et al., (2015) recommended that simulations should include directional changes,
accelerations and decelerations, and jumps. The protocol utilised in Study 4
attempted to include all of these variables. Nevertheless, there is a lack of valid and
reliable protocols that are specific to different sports, including Gaelic games. While
the physiological demands of these sports are not unlike other team sports, there are
unique characteristics and skills that may significantly influence the recovery
requirements. It is significant that while match simulations are necessary for the
control of as many variables as possible while replicating the physiological demands
of match-play, it is very difficult to develop a true simulation. Real match-play not only
involves activities that are seldom included in simulations e.g. passing, tackling
shooting, but also demands decision-making, reacting and anticipating which are
perceptual demands that are often crucial in determining the performance of the
player (Magalhaes et al., 2010). Yet, utilising real match play for investigations
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means that there is a lack of control over the activities of participants, and there is
high variability in the demands placed on players. Undoubtedly, what is needed are
match simulations that incorporate as many match related activities as possible
(passing, shooting, tackling) while placing the same physiological demands on each
participant. These simulations should be specific for each sport so as to incorporate
the activities that are specific to different sports. Furthermore the simulations should
be adaptable to accurately simulate the demands for female players and those of
different playing levels and ages. This would permit a greater understanding of the
demands on these populations and would ultimately allow the development of more
individualised recovery strategies. Ultimately, research on recovery can be
enhanced by the development of valid exercise protocols which can then be utilised
to examine potential benefits of milk or other interventions.

8.4

Measuring Recovery

There is considerable debate on how best to monitor recovery and what variables
best represent the physiological state and preparedness of an athlete. This sequence
of studies chose a number of variables that had the potential to give a realistic insight
into the recovery of the participants while not influencing the recovery process or
effect of the intervention.
Peak torque was measured in each of the investigations. The speeds chosen (60 ◦/s
and 180◦/s) are commonly used, with low-velocity measures proving to be the more
reliable (Greig et al., 2008). However, these velocities are still far removed from
multijoint movement velocities with velocity as high as 970◦/s reported for knee
flexion during sprinting (Baltzopoulos and Gleeson, 2001) and thus, may not be the
most valid indicator. Interestingly, the post-exercise consumption of milk almost
always had a beneficial effect on this variable, but not always on other variables,
perhaps due to the level of variance in these measures. This included sprint
performance. Using repeated sprint ability tests has greater validity than isolated
maximal sprints and there is a strong correlation between RSA performance in a test
and that in a match situation (Rampinini et al., 2007). However, daily execution of an
RSA test during the recovery period is likely to affect the recovery from the original
exercise protocol and thus mask the effect of the original protocol and the
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intervention applied. Perhaps the use of an RSA test with fewer sprints might be
worth considering.

Countermovement jump height was also measured in each of the investigations as it
is commonly used as a marker of neuromuscular fatigue. Nevertheless, there is
considerable variability in the literature with regard to the effect of exercise
participation on CMJ height, and discrepancy still exists in terms of exactly how
sensitive the CMJ is as an indicator of neuromuscular fatigue (Cormack et al., 2008).
A number of investigations have reported no change in CMJ following high intensity
sprint activity or competition (Gathercole et al., 2015; Cormack et al., 2008) but
Thorpe et al., (2015) reported a positive association between high intensity distance
covered and CMJ. The aforementioned authors suggest that CMJ may not be
sensitive enough to measure fatigue during recovery. It is also suggested that
individuals alter their jump technique in order to maintain their jump height
(Gathercole et al., 2015; Cormack et al., 2008), again questioning the usefulness of
CMJ as a marker of both fatigue and recovery (de Hoyo et al., 2016). These factors
may explain the observed variance in the effect of milk on CMJ. It may be worth
considering alternative CMJ measures for monitoring purposes (Gathercole et al.,
2015), such as the ratio of flight time to contraction time (sum of the concentric and
eccentric phase duration), the only CMJ variable which showed meaningful change
post-match and across an AFL season (Cormack et al. 2008). Nevertheless, a CMJ
test is easy and time efficient to administer and is a non-invasive, non-fatiguing test,
making it a suitable choice for these investigations.

A number of investigations have used RSI as a measure of fatigue and as a
monitoring tool and it is a reliable measure (Byrne et al., 2017), yet others consider
that variability in the measure may negate its practical use (Beattie and Flanagan,
2015). Beattie and Flanagan (2015) noted that the level of variability (trial-to-trial and
interday) may be greater than the smallest worthwhile change. The level of variability
in the dynamic multi-joint measures of muscle function in this study may be greater
than the effect of milk, thus masking benefits. Overcoming this difficulty by using
participants who are very familiar with the test protocols is a possible solution.

In the context of real-world application, Study 4 provides an interesting insight in to
the relevance of markers of fatigue and recovery. Study 4 showed that milk had a
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positive effect on recovery of peak torque and sprint performance, yet had no effect
when comparing sprint performance in STG 1 to sprint performance in STG 2. The
reasons for this are unclear but it certainly questions the validity of utilising isolated
measures of maximal sprint and jump performance as indicators of in-game sprint
and jump performance.

The studies in this thesis have highlighted the necessity of carefully considering the
variables used to measure recovery, particularly in relation to predicting subsequent
performance. Study 3 and Study 4 highlighted the disconnect between measures of
muscle function, soreness and serum markers of muscle damage, inflammation and
oxidative stress. In particular, when the consumption of milk had a positive effect on
recovery of a muscle function variable, the same benefit was not seen on muscle
soreness. This would suggest that measures of muscle soreness are not always
correlated with muscle function. A similar disconnect was observed between muscle
function and CK, which has previously been reported (Johnston et al., 2016; Doeven
et al., 2018), reinforcing the caution that must be exerted if using muscle soreness or
CK as an indicator of muscle function during recovery. Marqués-Jiménez et al.,
(2017) provide a basic but insightful review of objective and subjective measures as
indicators of fatigue, recovery and EIMD in soccer players, concluding that there is a
lack of consensus on the usefulness of some of them. Indeed a recent analysis has
found poor association, in terms of time course and magnitude of change, between
the variables used to monitor recovery (Damas et al., 2016). Combining performance,
subjective and biochemical markers and the individualisation of the analysis, leading
to individualised recovery strategies is a more constructive approach (MarquésJiménez et al., 2017; Doeven et al., 2018).

Each study in this thesis utilised serum CK as an indicator of membrane damage.
The variability in the CK response to exercise has been extensively reviewed (Baird
et al., 2012; Brancaccio et al., 2007; Clarkson and Ebbling, 1988) and the
appearance of CK in the blood is influenced not only by the nature of the exercise
completed but the permeability of the muscle cell membrane and the percentage of
fast twitch fibres, both of which are highly individual (Wiewelhove et al., 2015).
Indeed, peak CK values for individuals has been shown to vary ~358% in response
to the same relative intensity exercise bout (Jackman et al., 2010). This variability
was noted in the current investigations. For example, in study 1 at 72h post-exercise,
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one individual had a CK value of 103 U/l (105% of baseline) while another in the
same group (MM) had a CK of 59157 U/l (>40000% of baseline). Such variability
makes it difficult to have confidence in CK as a reliable measure of recovery in
intervention studies.

Throughout the studies, milk had a positive effect on the objective measures of
recovery including peak torque, sprint performance and CMJ, but typically did not
have an effect on perception of soreness or tiredness. This disconnect between the
objective and subjective measures is not novel in research. Saw et al., (2015), in a
systematic review, concluded that there was no consistent association between
subjective and objective measures in the monitoring of athletes. While this review did
not focus on short term recovery from exercise participation, it highlights the
insinuations from the current sequence of investigations. From a practical
perspective, athletes with similar soreness and tiredness do not display similar levels
of reduced muscle function. Even when soreness was high (Study 1, 3 and 4) muscle
function was returning to baseline values at a faster rate in the athletes who
consumed milk compared to those who consumed carbohydrate. Although Saw and
colleagues recommended that subjective measures are useful for athlete monitoring
and using both subjective and objective measures logically provides a more
comprehensive understanding of individual player recovery (Brownstein et al., 2017),
the evidence from this thesis indicates that subjective measures are a poor indicator
of muscle function at a given time and should not be exclusively relied on as a
measure of how the athlete is recovering, or subsequent performance. This is of
relevance for future research exploring recovery or the effects of recovery
interventions.

8.5

Future Directions

When assimilating the findings reported in this thesis in the context of exercise
recovery, the rationale for further investigation is apparent. This sequence of
investigations has examined the effect of milk on recovery from different exercise
protocols and importantly, is the first to explore the benefits of milk for female
athletes.
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While this thesis presents a series of investigations focusing solely on the intake of
milk in the immediate post-exercise situation, it is likely that a planned periodised
approach may be beneficial. This could include repeated ingestion of milk during the
recovery period in order to maximise protein synthesis rates and enhance or
accelerate recovery, as it is known that protein synthesis rates remain elevated for at
least 24h post-exercise (Burd et al., 2011) and an even distribution of protein during
the day (rather than skewed towards an evening intake) results in greater protein
synthesis (Mamerow et al., 2014). It has been reported that augmented protein
synthesis with the consumption of protein does not continue through the night
(Beelan et al., 2008) but recent research has shown that the ingestion of protein
before sleep may be beneficial in supporting muscle protein synthesis overnight (Res
et al., 2012), possibly due to a maintenance of circulating amino acid concentrations.
Future research could explore if the consumption of milk pre-bedtime is a practical
means to maintain overnight MPS.

Previous research identified that 500ml was as effective as 1000ml when consumed
following muscle-damaging exercise (Cockburn et al., 2012) and thus, this intake
volume formed the basis for the intervention in this sequence of studies. However,
the exercise protocol utilised by Cockburn and colleagues and in Study 1 of this
thesis was on an isolated muscle group quite different from the ‘whole-body’ activities
of most sports and the protocols utilised in Study 3 and Study 4. It is credible that an
increased intake may be more beneficial with such exercise. This was recently
demonstrated by MacNaughton et al., (2016) when protein synthesis was enhanced
with 40g of protein compared to 20g following whole-body resistance exercise and an
opportunity exists to see if milk can produce a similar outcome.

In the context of ecological validity, it is not uncommon for athletes to combine more
than one recovery intervention. Indeed, it is tenable that combining several strategies
will be of greater benefit than one strategy in isolation (Beck et al., 2015). In this
series of investigations, milk had little effect on muscle soreness and tiredness. Other
recovery strategies have been found to be beneficial in this regard (Machado et al.,
2016; Nelson, 2013; Bleakley et al., 2012). Thus, opportunities exist to explore how
milk might interact with other recovery strategies to provide optimal recovery for
individual athletes.
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Milk has been identified as a suitable post-exercise rehydration beverage, with its
sodium and calorie content resulting in a slower gastric emptying and absorption time
leading to greater fluid retention (Shireffs et al., 2007; Watson et al., 2008).
Investigations examining post-exercise protein synthesis, hydration status and
recovery markers would provide an insight into the potential for milk as an holistic
recovery beverage, both in acute and chronic scenarios. It is also worth considering
research of other dairy products. Yogurt, given its pleasant taste and ease of
consumption along with its protein content, is considered an appropriate postexercise dairy food (Josse and Phillips, 2013). Only 2 studies have investigated the
effects of post-exercise consumption of yogurt and both were resistance training
interventions (White et al., 2009; Thomas et al., 2011). Neither found yogurt
consumption to benefit lean mass composition. However, the amount of yogurt
consumed provided only 5 g protein which is a suboptimal stimulus for muscle
protein synthesis (Moore et al., 2009). Further research is warranted to examine the
effect of larger amounts of yogurt consumption, and possibly Greek or ‘Greek-style’
yogurts (typically 10 g protein per 100 g) on muscle protein synthesis and recovery
from exercise.

It is also relevant that foods rich in high quality protein, such as milk, are typically rich
in other nutrients (Phillips et al., 2015). Dairy protein sources have high natural
calcium content and therefore, can offer other potential benefits to the athlete, an
area which could be explored further, especially in a female athlete cohort. A number
of researchers have reported a positive effect of chronic resistance training plus dairy
consumption on bone health outcomes in females (Josse et al., 2012; Thomas et al.,
2010), though neither of the cohorts examined were an athletic population. Reid
(2016) described how a structured milk intake with an elite sprint kayaker enhanced
muscle mass, recovery and vitamin D status during intensive training periods and is
an approach that warrants further investigation.

8.6

Other Limitations/Influencing Factors

All four investigations showed considerable inter-individual differences in the
response to the exercise protocol employed. Despite large differences between the
group means, many of the effect outcomes were unclear and larger participant
numbers may have provided more certain results. Still, some of the variability may be
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as a result of genetic variability and vulnerability to the exercise protocols (Baird et
al., 2012), leading to greater disruption of muscle fibres, alterations in calcium
handling ability and varying inflammatory responses (Clarkson et al., 2005; Devaney
et al., 2007; Yamin et al., 2008). Of relevance, is previously reported variability in the
uptake and distribution of amino acids (Fouillet et al., 2002; Bos et al., 1999, 2003).
Another source of this variability may be differences in the initial physical
performance characteristics of the participants. While all participants fulfilled the
inclusion criteria, differences in levels of conditioning may have impacted the
response to the exercise protocol and thus, the intervention. Lower post-match
muscle damage and decreases in CMJ have been reported in rugby league players
with the highest high-intensity running ability and lower body strength (Johnston et
al., 2015). It is also difficult to predict if the present results can be transferred to
athletes exercising/competing at a higher or elite level.

A related influencing factor could be the time of the year when the data was
collected. Data collection for this series of investigations was conducted during the
period October- March. This is the competitive season for collegiate players.
However, some of the participants may have completed their club season in the
previous mid-summer while others were still participating in club fixtures at the start
of the investigation. These players, therefore, were conceivably in better physical
condition and more accustomed to the demands of the exercise protocols. This could
have influenced the impact of the post-exercise nutritional intervention. Future
research could explore the time course of recovery during different phases of the
season (Thomas et al., 2017) which could provide information to coaches and
athletes regarding the necessity of specific recovery interventions at different periods
during the year.

Finally, the overall, and day-to-day, dietary intakes may have impacted the results of
the studies presented. To examine the effect of an intervention without interference
from the rest of the diet is a challenge. Furthermore, the timing of nutrient intake,
frequency of intake and source of nutrient intake may influence individual and group
responses. In the four investigation of this thesis overall analysis of nutrient and
energy intake over the experimental period revealed no clear differences between
groups (apart from a likely higher carbohydrate intake in the MILK group in Study 2).
Nonetheless, individual daily energy intake varied from 654 kcal to 3331 kcal across
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the four investigations, and within-studies the difference in daily kcal intake ranged
from 954 kcal (Study 3) to 2537 kcal (Study 1). Of relevance, there was a similar
variation in protein intake with one individual reporting a protein intake of 24.3 g/day
(Study 4) and another reporting 143.9 g/day (Study 3). This not only makes withinstudy analysis difficult, but also prevents conclusive between-study analysis. An
obvious limitation in this regard is the use of Food Diaries to determine both energy
and nutrient intake, with possibly up to 30% of participants under-reporting their food
intake (Poslusna et al., 2009). The gold standard for assessing energy intake is the
observation method (Baker et al., 2014) though this approach is very labour intensive
and not compatible with most research environments. Providing pre-packaged food
for all participants is a good alternative (Jeacocke and Burke, 2010) but this is a
costly element, though some investigators have provided a standard pre-exercise
meal to at least control pre-exercise energy and nutrient intake (Keane et al., 2015).
Otherwise, cross-referencing food diaries with a daily interview is a technique that
has been recently used (Brown et al., 2015) and allows the researchers to clarify any
ambiguity and complete missing data. Adopting some of the above approaches to the
monitoring of food intake in the studies of this thesis may have provided both greater
accuracy, and greater insight into potential counfounding influences.

8.7

Conclusion

Collectively, the data from the four progressive studies presented suggest that postexercise consumption of 500 ml of milk attenuates, at least partially, the short-term
negative effects of exercise participation.

The study described in Chapter 4, which examined the effect of milk on recovery from
eccentric exercise in males and females, demonstrated some sex differences in the
responses. Milk:


Attenuated losses in muscle function and increases in muscle soreness in
females



Attenuated increases in CK and muscle soreness in males.

The study described in Chapter 5 explored the effect of milk on recovery from a noneccentric cycling protocol. In this case milk:
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Had minimal effect on the attenuation of losses in muscle function or
increases in markers of muscle damage and oxidative stress.



Reduced perceptions of soreness and tiredness.

Chapter 6 describes a study that investigated the effect of milk on recovery from
repeated sprinting and jumping. In this study milk:


Attenuated losses in peak torque, countermovement jump height, RFD and
5m sprint performance.



Had no clear effect on RSI, 10/20m sprint performance, CK, hsCRP and
muscle soreness.

Finally, the study dscribed in Chapter 7 examined the effect of milk on recovery from
repeated simulated team sport performance. Milk


Attenuated some losses in muscle function



Reduced symptoms of stress



Had no effect on ‘in-game’ measures, including sprinting and jumping

The positive effect on muscle function was not for all variables, nor all timepoints.
While the effects of milk on muscle soreness and tiredness were mostly unclear, milk
had a consistently positive effect on symptoms of stress as identified by DALDA.
Practically, the results indicate, for female athletes at least, that milk is an effective
recovery drink from varying types of exercise that include a degree of eccentric
loading, with the greatest benefits observed following exercise with the greatest
eccentric bias. This information is of value to athletes and coaches who aim to
maximise the recovery process following exercise, and especially when the recovery
period is short. There are a number of possible explanations for these results, though
further investigation is warranted to elucidate these. In terms of methodological
considerations, a key finding is that common isolated measures of recovery may not
be related to in-game performance and there is certainly future research potential in
this area. Importantly, the four progressive studies presented in this thesis contribute
to the expansion of our understanding of female athletes, offering evidence for the
formulation of effective recovery interventions for a cohort of athletes that has
historically depended on strategies developed from their male counterparts. The
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addition of knowledge to redress the sex imbalance in sports and exercise research
can only serve to identify both sex similarities and sex differences, thus facilitating
the enhancement of guidelines and sport specific education for optimising recovery
and performance.
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APPENDIX A: Sample Participant Information Sheet and Informed Consent
(Study 3)

MIDDLESEX UNIVERSITY
SCHOOL OF HEALTH AND EDUCATION

PARTICIPANT SHEET (PS)
Participant ID Code:……………………………………………

1.

Study title

The effects of milk consumption on recovery from repeated sprinting and
jumping

2.

Invitation paragraph

You are being invited to take part in a research study. Before you decide, it is
important for you to understand why the research is being done and what it will
involve. Please take time to read the following information carefully and discuss it
with others if you wish. Ask us if there is anything that is not clear or if you would like
more information. Take time to decide whether or not you wish to take part.
Thank you for reading this.

3.

What is the purpose of the study?

High-intensity repeated sprinting and jumping, core exercise activities in team sport
performance, have been associated with increased muscle damage and oxidative
stress, which reduces the ability of the muscle to produce force and causes
increased muscle fatigue, leading to reduced performance. Nutritional intervention
may be beneficial in limiting these changes. The aim of this study is to investigate the
effect of milk consumption on muscle damage and oxidative stress following maximal
repeated sprinting and jumping.

4.

Why have I been chosen?

It is important that we assess as many participants as possible and you have
indicated that you are interested in taking part in this study. You fulfil the following
requirements for participants:
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Sex: Female
Age: 18-30years
Sport played: Gaelic football or camogie; training/competing at least three times per
week.

Also, you do not meet any of the exclusion criteria - lower limb or back injury in
previous 3 months, surgery in previous 6 months, lactose intolerance, known
coronary disease, uncontrolled metabolic disorder or respiratory disease, hepatitis,
HIV, pregnancy, post-partum.

5.

Do I have to take part?

It is up to you to decide whether or not to take part. If you do decide to take part you
will be given this information sheet to keep and be asked to sign a consent form. If
you decide to take part you are still free to withdraw at any time and without giving a
reason. If you do decide to withdraw from the study then please inform the
researcher as soon as possible and they will facilitate your withdrawal. If, for any
reason, you wish to withdraw your data please contact the researcher within a month
of your participation. After this, it may not be possible to withdraw your individual
data as the results may have already been published. However, as all data are
anonymised, your individual data will not be identifiable in any way. A decision to
withdraw at any time, or a decision not to take part, will not affect your status as a
student in any way.

6.

What will I have to do?

You will be involved in this research project for 7-10days.

You will be asked to attend room C156 (Physiology Laboratory) at the Institute of
Technology, Carlow on 6 separate occasions, with all testing taking place between
7am and 11am. The table at the end of this section summarises your involvement.
On attending the first session (Familiarisation), you will be met by the investigator
and allowed to ask any questions concerning what you will later be asked to do. You
will be asked to complete a health screening questionnaire to find out about your
current health status and your health history and sign a consent form. You will then
perform a number of assessments (see below) to allow you to become familiar with
the protocols. This visit will take approximately one hour.
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The second visit will be for the conduction of baseline measurements (see below)
and will take approximately 40min.

On visit 3, following a warm-up, you will be asked to perform 15 x 20m maximal
sprints, with a 10m deceleration or ‘stopping’ zone after the finish line. You will have
a rest after each sprint. You will then be asked to complete 8 sets of 10 maximal
jumps, followed by a cool-down. Immediately after the cool down you will be provided
with 500ml of milk or 500ml of a carbohydrate drink to consume immediately and you
will be free to leave. Following the consumption of your allocated drink, you will be
asked to fast for 2h, then return to the laboratory to provide a blood sample.

Visits 4, 5 and 6 will take place 24h, 48h and 72h after the exercise session, during
which the baseline measurements will be repeats. These visits will take
approximately 40min each.

Measurements you will be asked to complete during each visit:
(a)

Provide a venous blood sample (BS) from a vein on your forearm.

(b)

Peak torque test (PkTq) – this will measure the maximal amount of force you
can generate in both your left leg and your right leg on a computer controlled
strength testing device (isokinetic machine). You will be asked to flex (bend)
and extend (straighten) your knee as hard as possible. You will complete three
repetitions at two different speeds on both your left and right legs.

(c)

Rate of force development (RFD) – this assessment will measure how quickly
you can develop force in your leg muscles using a computer controlled strength
testing device (isokinetic machine). You will be asked to straighten your leg
against the immovable arm of the machine as hard as possible. You will
complete three repetitions.

(d)

Countermovement Jump test (CMJ) - from a standing position you will be asked
to squat down to approximately 90 degrees and jump upwards as high as you
can. Your jump height will be recorded. You will complete three jumps.

(e)

Reactive Strength Index (RSI) – from a standing position on a step you will be
asked to step off and upon contact with the ground, jump upwards as high as
you can. Your time in contact with the ground and your jump height will be
recorded. You will complete three jumps.
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Twenty metre sprint test (20mSp) - you will be asked to run 20m as fast as you
can. Your sprint time will be recorded. You will complete three sprints with a two
minute rest between sprints.

(f)

Soreness (S) and Tiredness (T) - you will be shown a scale and asked to
indicate how sore you feel and how tired you feel when completing a squatting
exercise.

(g)

Perception of recovery- you will be asked to complete a short questionnaire
asking you about how you feel you are recovering from the exercise trial with
regard to the physical recovery, your energy levels and your enthusiasm and
motivation.

For 24h prior to the exercise session and for the 72h after, you will be asked to
record your food and fluid intake. You will be provided with a weighing scale,
measuring jug and recording sheet for this purpose.

You will be asked to refrain from strenuous physical activity for the duration of the
investigation, and from treating the symptoms of muscle fatigue or soreness with
interventions such as massage, ice or medication, or consuming any nutritional
supplements (e.g. anti-oxidants, HMB, casein/whey protein).
A summary of your involvement can be seen in the following table.

Visit

Duration

What I will do

Visit 1: Familiarisation

I hour

Health screening questionnaire; consent
form; BS, PkTq, RFD, CMJ, RSI, Sp, S/T,
PR

Visit 2: Baseline
measures
Visit 3: Exercise protocol

40min

BS, PkTq, RFD, CMJ, RSI, Sp, S/T, PR

1 hour

10min warm up
15 x 20m maximal sprints
8 sets of 10 CMJ
10min cool down

Visits 4-6

30min

BS, PkTq, RFD, CMJ,RSI, Sp, S/T, PR

Table 1: Participant involvement
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BS: blood sample; PkTq: peak torque; CMJ: countermovement jump; RSI: Reactive
Strength Index; Sp: 20m sprint; S/T: soreness/tiredness; PR: perception of recovery.

Please note that in order to ensure quality assurance and equity, this project may be
selected for audit by a designated member of the committee. This means that the
designated member can request to see signed consent forms. However, if this is the
case, your signed consent form will only be accessed by the designated auditor or
member of the audit team.

7.

Will I have to provide any bodily samples (i.e. blood/saliva/urine)?

Yes, you will be asked to provide a venous blood sample from a vein on your
forearm. The researcher has been trained in venepuncture. You will be allowed to lie
down for the procedure. Your skin will be cleaned, the needle inserted and stabilised
with minimal discomfort to you. The correct volume of blood will be obtained in a
blood collection tube and the needle will be removed. You will be asked to apply
pressure with a cotton swab to the puncture site to minimise bruising and bleeding.
Should the tests reveal an abnormality, the researcher will recommend to you that
you seek further medical advice from your GP. Bear in mind though that a single test
may not always provide an accurate reflection of your health status.

8.

What are the possible disadvantages and risks of taking part?

Participation in this project will involve some physical discomfort.

The research project has been designed to induce muscle soreness and oxidative
damage having you sprint and jump with maximal effort. You may experience
feelings of exertion and local tiredness in your legs and it is likely you will experience
delayed muscle soreness and stiffness afterwards. However, this discomfort is shortterm and will dissipate after approximately five days.

When having your blood sample collected by a researcher trained in venepuncture,
you will feel a needle prick in your arm. Every care will be taken to ensure that
minimal discomfort is felt during the blood draw using standardised venepuncture
techniques. In rare cases, bruising may be apparent but this should subside within
days.
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The sprint and jump tests require you to work at high intensities though they are of
short duration. You may feel dizzy and tired. These feelings are temporary and are
expected to subside within minutes of completing the exercise.

Appropriate risk assessments for all procedures have been conducted and will be
followed throughout the duration of the study.

9.

What are the possible benefits of taking part?

We hope that participating in the study will help you. However, this cannot be
guaranteed. The information we get from this study may help to provide researchers,
coaches and players with specific guidelines with regard to the benefits of nutritional
supplementation for team sports athletes following high intensity training sessions or
competition.

10.

Will my taking part in this study be kept confidential?

The research team has put a number of procedures in place to protect the
confidentiality of participants. You will be allocated a participant code that will always
be used to identify any data you provide. Your name or other personal details will not
be associated with your data, for example, the consent form that you sign will be kept
separate from your data. All paper records will be stored in a locked filing cabinet,
accessible only to the research team, and all electronic data will be stored on a
password protected computer. All information you provide will be treated in
accordance with the UK Data Protection Act.

11.

What will happen to the results of the research study?

The results of the research study will be used as part of a PhD thesis. The results
may also be presented at conferences or in journal articles. However, the data will
only be used by members of the research team and at no point will your personal
information or data be revealed.

12.

Who has reviewed the study?
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The study has received full ethical clearance from the Research Ethics Committee
who reviewed the study. The committee is the Middlesex University, School of
Science and Technology, London Sport Institute Ethics Sub-committee.

13.

Contact for further information

If you require further information, have any questions or would like to withdraw your
data, then please contact:

Paula Rankin, Department of Science and Health, 05991 75540,
paula.rankin@itcarlow.ie
Dr Emma Cockburn, London Sport Institute, Middlesex University,
e.cockburn@mdx.ac.uk

Thank you for taking part in this study. You should keep this participant information
sheet as it contains your participant code, important information and the research
teams contact details.

218

CONSENT FORM
Title of project: The effects of milk consumption on recovery from repeated
sprinting and jumping

Name of Researcher: Paula Rankin

1.

I confirm that I have read and understand the information sheet
dated ...................……………..…for the above study and have had the
opportunity to ask questions.

2.

I understand that my participation is voluntary and that I am free to withdraw at
any time, without giving any reason.

3.

I agree that this form that bears my name and signature may be seen by a
designated auditor.

4.

I agree that my non-identifiable research data may be stored in National Archives
and be used anonymously by others for future research. I am assured that the
confidentiality of my data will be upheld through the removal of any personal
identifiers.

5.

I agree to take part in the above study.

___________________

_____________

____________________

Name of participant

Date

Signature

___________________
Name of person taking consent
(if different from researcher)

_____________
Date

____________________
Signature

___________________
Researcher

_____________
Date

____________________
Signature

___________________

_____________

____________________

Name of parent/guardian
(if appropriate)

Date

Signature

1 copy for participant; 1 copy for researcher
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APPENDIX B: Sample Health Screening Form

Health Questionnaire
STRICTLY CONFIDENTIAL
Participant Code:
Height:
Weight:
Please answer these questions truthfully and completely. The sole purpose of
this questionnaire is to ensure that you are fit and healthy to follow the
proposed research programme.

1. How would you describe your present level of activity?
Vigorous activity:
Less than once per month

Once a month

Once a week

Two/three times a week

Four/five times a week

More than five times a week

2. Are you currently taking any form of medication? If yes, please give brief details.
Yes

No

3. Have you suffered from a bacterial or viral infection in the last two weeks?
Yes

No

4. Have you had cause to suspend physical activity in the last two weeks for any
reason?
Yes

No

5. If you currently suffer from or have previously suffered from any of the following
conditions you will be unable to take part in the study. Please inform the
researcher (without specifics) if as a result you will now be unable to take part in
the study.


heart complaint/condition



asthma



diabetes (Type 1 or 2)
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high blood pressure



blood borne disease or infection

6. Is there any reason why you should not embark on the proposed research
programme?
Yes

No

7. Do you take any form of nutritional supplement (creatine, whey and casein protein,
HMB etc)
Yes

No

9. Do you have a known allergy or intolerance to milk or other dairy products?
Yes

No

You are not required to provide specifics of any condition that precludes you from
taking part in the study. However, if you are not sure if any such condition will affect
your ability to participate, please feel free to discuss this with the research team,
although you are not obliged to do so.
Signature:

_________________________________________

Date:

_________________________________________

Researcher: _________________________________________
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APPENDIX C: Food Diary

Dietary Food Record Instructions
Name: ______________________________

Please record dietary intake for the following days: day prior to exercise trial,
day of exercise trial and the following two days of recovery.
Follow the guidelines for recording foods, beverages and supplements
provided.

Instructions:
All foods and beverages (INCLUDING WATER) that are consumed should be
recorded:


This includes any supplements (eg vitamins, minerals)



Record the date and time of consuming each food, drink, snack



Record everything at the time of consumption, not from memory at the
end of the day



Start each day on a new page

Be very specific in your description of the type of food


‘bread’; was it white or wholemeal?



‘meat’; was it streaky bacon or lean beef topside?



‘milk’; was it full fat, semi-skimmed or skimmed?



‘cheese’; was it cheddar or edam?



‘margarine’; was it low fat?



‘spaghetti bolognese’; how much pasta, how much mince; type of
sauce; any vegetables?

Include the preparation method


Grilled or fried bacon



Boiled or roast potatoes



Bread or toast
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Include anything that was added to the food or drink


Addition of sugar to tea



Addition of butter to bread



Addition of oil (what type) to cook steak

Use nutrient descriptors and brand names to describe foods


Diet



Low calorie



Reduced fat



Dairylea



Cadbury

Write down how much you have consumed


Use the scales provided to weigh ALL food



Use the labels on food to help you determine amounts



If you use ready prepared food return the label from the package



Write down the number of sausages, fish fingers, slices of meat



Describe the size of a piece of food (e.g. small apple, large banana,
medium egg)

Write everything down- don’t forget snacks, nibbles, second helpings, sweets.

Do not guess the amounts of food eaten as this makes results inaccurate.
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Example of a food diary
Day: __________________

Time

Food/drink

Date: ____________________

Description

Amount
eaten

8am

10.30am

Cereal

Kellogg’s Bran Flakes

50g

Milk

Semi skimmed

100ml

Orange juice

Smooth from concentrate

500ml

Cereal bar

Brunch bar with hazelnut (see

1 bar

wrapper)
12.30pm

Baked potato

Microwave

Large

Butter

Dairygold

5g

Cheese

Medium cheddar, grated

10g

Beans

Heinz baked beans

100g

Orange diluting juice Tesco own with no added sugar

20ml with
100ml water

2.45pm

Water

Tap

500ml

7pm

Chicken

Diced and stir fried with extra virgin

200g; 10ml

olive oil

oil

Carrots

2 medium stir fried, chopped

30g

Rice

White boiled

75g

Broccoli

3 florets stir fried

30g

Mushrooms

Button, stir fried

30g

Water

Tap

200ml

Toast

1 slice white bread

20g

Jam

Strawberry with real fruit

10g

Milk

Semi-skimmed

100ml

9pm

Name: ___________________

Day: ____________
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Date: ____________

Time

Food/drink

Description

If more space is required, please write on the back.
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Amount

APPENDIX D: Macronutrient and caloric content analysis

Study 1
Groups

Component

FM v FC

Kcal
Carbohydrate
Protein
Fat
Kcal

MM V MC

Carbohydrate
Protein
Fat

Mean Effect
± 90%CI
-19.1 ± 380.6
19.1 ± 50.8
-13.5 ± 16.9
-5.8 ± 25.4
-345.7 ±
471.8
-46.6 ± 66.6
-12.4 ± 40.4
-17.0 ± 21.1

Qualitative
Inference
Unclear
Unclear
Unclear
Unclear
Unclear

Effect
Size
Trivial
Small
Moderate
Small
Small

Unclear
Unclear
Unclear

Small
Small
Small

Study 2
Groups

Component

MILK v
CHO

Kcal

Mean Effect ±
90%CI
-53.2 ± 291.6

Carbohydrate 33.5 ± 42.6
Protein
Fat

-2.1 ± 24.9
-2.3 ± 13.4

Groups

Component

MILK v
CHO

Kcal

Mean Effect
± 90%CI
90.5 ± 253.9

Qualitative
Inference
Unclear

Effect Size

Likely
Higher
Unclear
Unclear

Small

Trivial

Trivial
Trivial

Study 3

Carbohydrate 22.1 ± 34.8
Protein
-29.6 ± 24.6
Fat
2.6 ± 13.6

Qualitative
Inference
Unclear

Effect Size

Unclear
Unclear
Unclear

Small
Trivial
Trivial

Small

Study 4
Groups

Component

MILK v
CHO

Kcal

Mean Effect ±
90%CI
132.7 ± 368.6

Carbohydrate 33.0 ± 50.3
Protein
0.0 ± 25.9
Fat
0.8 ± 16.6
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Qualitative
Inference
Unclear

Effect
Size
Small

Unclear
Unclear
Unclear

Trivial
Trivial
Trivial

Appendix D. DALDA Questionnaire
DALDA Questionnaire
Please tick the correct box for this moment

Participant code
Date

Part A
Worse

Normal

Better

than

than

normal

normal

Diet
Home Life
School/College/Work
Friends
Training and Exercise
Climate
Sleep
Recreation
Health

Part B
Worse

Normal

Better

than

than

normal

normal

Muscle Pains
Techniques
Tiredness
Need for a Rest
Supplementary Work
Boredom
Recovery Time
Irritability
Weight
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Worse

Normal

Better

than

than

normal

normal

Throat
Internal
Unexplained Aches
Technique Power
Enough Sleep
Between Sessions Recovery
General Weakness
Interest
Arguments
Skin Rashes
Congestion
Training Effort
Temper
Swellings
Likeability
Running Nose
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