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ABSTRACT

The World Health Organisation recommends that resistance exercise be performed at least
twice per week to benefit general health and wellbeing. However, resistance exercise is
associated with acute muscle damage that potentially can dampen muscle adaptations promoted
by chronic resistance training. The extent to which muscle is damaged by exercise is influenced
by various factors, including age, training status, exercise type, and — notable to this thesis —
sex. To this end, establishing sex-specific management strategies for exercise-induced muscle
damage (EIMD) is important to optimise the benefits of exercise. Two EIMD management
strategies were focussed on in this thesis: dietary protein supplementation and exercise load

manipulation.

It was identified in this thesis that research into the impact both of protein supplementation and
exercise load on EIMD heavily underrepresent female populations (chapters 3 and 5), despite
well-documented sex differences in EIMD responses. Therefore, future research priority
should be placed on bridging the sex data gap by conducting high-quality studies centralising

around female-focussed and sex-comparative methodological designs.

Both peri-exercise protein supplementation and exercise load manipulation in favour of lighter
loads were revealed to be effective management strategies for resistance EIMD in males
through systematic and scoping review of the current literature (chapters 3 and 5, respectively).
Due to a lack of data from females, it is only appropriate for these strategies to be recommended
for males at present. To decipher whether protein supplementation and lower exercise loads
are beneficial for managing EIMD in females, a randomised controlled trial (RCT) (chapter 4)
and a protocol for an RCT (chapter 6) involving male and female participants are presented in

this thesis.

The incorporation of ecologically-valid resistance exercise in the RCT in chapter 4 highlighted
that even mild muscle damage is attenuated in females, reflected in diminished increases in
post-exercise creatine kinase concentration and muscle soreness compared with males;
however, the reason for this difference requires further investigation. This study, while
supporting sex differences, contrasted previous studies, as neither males nor females
experienced an attenuation of EIMD during milk protein supplementation. This difference
likely owed to the lower severity of muscle damage induced in the current study relative to
previous studies, and accordingly, future research should seek to discover alternative

management strategies for mild EIMD. A protocol for an RCT examining the impact of



exercise load on EIMD in untrained males and females is described in Chapter 6 of this thesis
and may be used as guidance for researchers developing similar, sex-comparative studies. It
was hypothesised that females will experience attenuated muscle damage relative to males and

low-load exercise will induce less muscle damage than high-load exercise in both sexes.

A lack of methodological consistency among EIMD studies was a recurring finding throughout
this thesis, which posed an issue when attempting to compare between-study outcomes and
reach a consensus. Achieving greater uniformity in study designs by adopting comparable
methods relating to EIMD markers and time-points of assessment would help improve
understanding of the factors influencing the magnitude of EIMD and effective management
strategies. While there are limitations with several EIMD markers — for example the variability
of biomarkers and subjectivity of perceptual assessments — once the optimal markers are

determined, these should be consistently used moving forward.

Overall, this thesis has contributed to the current body of knowledge by demonstrating that
milk protein ingestion is not an effective management strategy for muscle damage following
ecologically-valid resistance exercise; therefore, alternative strategies to mitigate mild muscle
damage should be investigated. Further, this work supported previous reports of sex differences
in EIMD and indicated that the attenuation of EIMD in females relative to males was not
attributed to sex differences in body composition; thus, the aetiology of such differences
necessitates further exploration by means of high-quality sex comparative research. Finally,
this thesis reached the consensus recommendation that lower exercise loads can be utilised to
reduce muscle damage in males; nonetheless, supporting evidence for the application of this

recommendation to females is required.
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CHAPTER 1 Introduction

1.1.0. Background

Resistance exercise has many health and performance benefits such as improving flexibility,
glucose tolerance, stability, body composition, psychological wellbeing, muscular and bone
strength, and reducing the risk of age-associated sarcopenia (Anderson & Behm, 2005;
Eriksson et al., 1998; Layne & Nelson, 1999; Schoenfeld, 2010; Tan, 1999). For these benefits
to be reaped, repeated bouts of resistance exercise are necessary. For instance, the American
College of Sports Medicine recommend that resistance exercise be performed 2—4 times per
week to optimise muscle strength and hypertrophy adaptations (ACSM, 2009). However, many
individuals, especially those who are new to intentional exercise, report difficulty in adhering
to exercise training programmes. The reasons for non-adherence are varied, though time
commitment, lack of motivation, fatigue, lack of enjoyment, and health problems are
commonly cited (Larson et al., 2018; Marzolini et al., 2010; Viken et al., 2019). It is plausible
that feelings of fatigue and low motivation to continue exercise are driven by sensations of
muscle soreness and stiffness that often arise in the days following an exercise session
(Clarkson & Hubal, 2002; Damas et al., 20164).

Exercise-induced muscle soreness is a consequence of exercise that is unaccustomed (i.e. a
previously unperformed movement, intensity, duration, repetition range) or eccentrically-
biased (Armstrong, 1984; Ebbeling & Clarkson, 1989; Stauber, 1989). Exercise in which the
engaged muscle lengthens during contraction is referred to as ‘eccentric’ and examples include
downhill running, box jumps, and resistance exercise. These forms of exercise can cause acute
damage to muscle fibres — a phenomenon that has been termed ‘exercise-induced muscle
damage’ (EIMD). EIMD not only presents symptoms of muscle soreness, but also is associated
with various functional impairments. Notably, the capacity for skeletal muscle to generate force
can be reduced by ~50% immediately following EIMD, which can take almost a week to restore
(Chenetal., 2016; Chen et al., 2020; Nosaka & Newton, 2002; Nosaka et al., 2002y). Moreover,
damage to cell membranes allows the leakage of intramuscular proteins, resulting in
supraphysiological concentrations of muscle enzymes within circulation (Nosaka & Clarkson,
1996.). These events, alongside the pro-inflammatory cascade triggered by EIMD (Paulsen et
al., 2012), are accompanied by muscle swelling, which can restrict joint range of movement

and flexibility (Stauber et al., 1990). Therefore, not only may EIMD lower motivation and
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compliance with exercise training programmes, but exercise quality may suffer and training

adaptations could be compromised (Damas et al., 2016p).

EIMD is typically magnified in novice exercisers, although experienced exercisers are still
impacted by symptoms of EIMD (Ertel et al., 2020; Vincent & Vincent, 1997). Resistance
training programmes commonly incorporate progressive overload, whereby the stress placed
upon the body is gradually increased by means of manipulating the exercise load, volume, or
frequency. Progressive overload is deemed necessary to optimise training adaptations
(Kraemer et al.,, 2002). Therefore, resistance-trained individuals may often perform
unaccustomed exercise, and hence are susceptible to frequent muscle damage. Accordingly,
several studies have demonstrated that muscle damage, indicated by Z-band streaming,
increases during 8-9 weeks of progressive resistance training (Roth et al., 1999; 2000,; Staron
et al., 1992). Further, despite being more damaging to muscle fibres than concentric
contractions (Margaritelis et al., 2021), eccentric contractions may intentionally be performed
to elicit various benefits. Repeated eccentric contractions can induce increases in muscle size
and strength (Franchi et al., 2014; Schoenfeld et al., 2017; Vikne et al., 2006) while comprising
a lower metabolic cost than concentric contractions (Lastayo et al., 1999). Moreso,
eccentrically-biased exercise may reduce the occurrence of sport injuries (Croisier et al., 2002)
and is widely prescribed in injury rehabilitation programmes (Croisier et al., 2007; Hody et al.,
2019). Therefore, EIMD from eccentric or unaccustomed exercise poses an issue for all

exercising individuals — from novices, to amateurs, to elite athletes.

Consequently, the past two decades have seen an increase in research dedicated to
understanding the aetiology of EIMD, its mechanisms of action, potential mitigation strategies,
and its relevance in the wider context of health and sport and exercise science. Recent
developments in the aetiology of EIMD have indicated that the unaccustomed nature of
eccentric exercise is a stronger governing factor than the eccentric exercise per se (Margaritelis
et al., 2021). Nonetheless, it is agreed that muscle damage arising from loaded voluntary
contractions (i.e. resistance exercise) is most severe compared to other exercise modalities (e.g.
running, cycling, unloaded contractions). Since the establishment of the muscle length-tension
relationship in the 1960s (Gordon et al., 1966), many experimental models have examined the
influence of numerous resistance exercise variables on the magnitude of EIMD. Accordingly,
the intensity, volume, velocity, rest period, and range of motion (ROM) of the exercise may be
strategically modified to manipulate the muscle damage response. However, such variables are

often poorly isolated in experimental models with humans, and controversy remains as to
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which predominates the EIMD response. For instance, many authors claim that high-intensity
or maximal contractions induce the greatest myofibre damage, yet examination of the broader
evidence does not strongly support this concept. Much like the factors causing or intensifying

EIMD, the mechanisms leading to symptom presentation also are misunderstood.

Key discoveries pertaining to the mechanisms of EIMD were made in the 1990s by the groups
of Warren and Morgan. These researchers had opposing views on which is the primary event
in EIMD — sarcomere damage or excitation-contraction decoupling — a debate that is still
unsettled today (Morgan, 1990; Proske & Morgan, 2001,; Warren et al., 1993). Secondary to
these events is the disruption of calcium homeostasis and consequently, the stimulation of
degradative autogenic pathways and proinflammatory mediators. The inflammatory response
is central to the regeneration of fully functional muscle fibres, occurring around five days
following EIMD. However, these mechanisms are only known to underpin the functional and
biochemical consequences of EIMD. The development of perceptual symptoms, for instance
muscle soreness and pain, are poorly understood. Several mechanisms of muscle soreness have
been proposed and dismissed over the past three decades. To date, suggested candidates involve
local inflammation or altered connective tissue behaviour (Pefailillo et al., 2015; Philpott et

al., 2018), though this research is still in its infancy.

Irrespective of the pathways for its development, the relevance of EIMD is controversial. Some
argue that muscle damage and subsequent muscle regeneration are necessary for the occurrence
of training adaptations, such as muscle hypertrophy (Evans & Cannon, 1991; Schoenfeld,
2012), hyperplasia, and increases in connective tissue (Nosaka et al., 2003). Others, however,
believe EIMD hinders such adaptations (Damas et al., 2016p; 2018). The likelihood is that both
standpoints hold true, as suggested in the theoretical framework presented by Owens and
colleagues (2019). Their framework — based on the hormesis theory — depicts a bell-shaped
curve by which positive adaptations to the exercise stress occur up to a threshold, beyond which
adaptations are impaired when the stress becomes too great. Few studies have directly
examined the relationship between EIMD and chronic muscular adaptations; thus, these
hypotheses are primarily based on indirect associations. The studies by Roth and colleagues
indicate that muscle damage is neither a detriment nor requirement for muscle adaptation.
These authors showed that ultrastructural muscle damage is amplified after 9 weeks of
progressive resistance training relative to pre-training in older, but not younger, females, yet
both age groups experienced strength gains (Roth et al., 2000,). In males, both younger and

older experienced increases in strength and muscle damage during training (Roth et al., 1999).
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These studies also highlight that muscle damage is not attenuated with repeated bouts of
exercise if training is progressive; although, this is not the case for young females, potentially
due to an oestrogen-mediated protection, as discussed later in this thesis. Nonetheless, acute,
as opposed to chronic, responses to EIMD are perhaps of greater relevance to exercising
individuals, especially competitive athletes. For instance, during periods of heavy fixtures or
back-to-back competition whereby muscle recovery is paramount, it may be pragmatic to
minimise EIMD and forfeit the adaptative responses. Conversely, EIMD may be intentionally
induced throughout light training periods when its consequences (i.e. muscle soreness and
impaired muscle function) are less detrimental to athletic success. Therefore, perhaps EIMD
must be neither eliminated nor unconstrained, but rather strategically manipulated to support
the goals of the individual.

EIMD can be managed through various physiotherapeutic, pharmaceutical, and nutritional
means, which could be incorporated before, during, or succeeding an exercise bout. The general
consensus supports a place for cryotherapies (Rose et al., 2017), tissue massage (Torres et al.,
2012), compression garments (Marqués-Jiménez et al., 2016), and low-intensity exercise (Ma
et al., 2020) for attenuating EIMD and/or accelerating muscle recovery. From a nutritional
stand-point, antioxidant vitamins have demonstrated little efficacy in the management of EIMD
(McGinley et al., 2009), despite their roles in maintaining membrane permeability and
protecting against reactive species damage (Frei, 1994; Lucy, 1972). Showing promise, are
polyphenol-rich foods (particularly Montmorency cherries, pomegranate, and beetroot),
omega-3 polyunsaturated fatty acids, vitamin D, amino acids, and proteins (Harty et al., 2019;
Owens et al., 2019). In particular, dietary proteins — either from whole-food or isolated sources
—are commonly ingested around the time of exercise, due to their stimulatory effect on muscle
repair and growth (Tipton, 2008). It follows that protein would be a convenient nutritional
strategy for the management of EIMD; co-benefiting muscle damage and repair processes.
While supplemental protein sources, such as powders, gels, and bars are convenient to the
consumer, they are typically low in other macro- and micro- nutrients. Many sport nutritionists
now promote a ‘food first’ approach, whereby daily nutrient requirements are predominantly
met through consuming whole-foods when possible. The food first approach enables several
vital nutrients to be obtained from one food-source or meal, and promotes a clean-sport
environment, thus supporting multiple health, performance, and moral goals. For instance, milk
products (e.g. cow’s milk, yoghurt, cheeses) are a common staple to the Western diet, due to

their affordability; accessibility; versatility; and provision of carbohydrates, proteins, fats, and
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a range of vitamins and minerals. The nutritional profile of milk products makes them an
attractive food to consume peri-exercise, as sufficient intake will stimulate both muscle protein
synthesis (MPS) and muscle glycogen resynthesis (Ferguson-Stegall et al., 2011; Wilkinson et
al., 2007). By this means, milk products can support exercise adaptations and help maintain
overall muscle health (Hartman et al., 2007). However, the effectiveness of milk products in
managing EIMD is controversial. Several experimental trials in untrained males have
documented a beneficial impact of milk protein ingestion on blood creatine kinase
concentration ([CK]), muscle force-generating capacity, and muscle soreness following EIMD
compared to control products (Cockburn et al., 2008; Draganidis et al., 2017; Hirose et al.,
2013). All the while, others have reported indifferent muscle damage responses to exercise
with the ingestion of milk proteins versus carbohydrate (Cockburn et al., 2010; 2012; Rankin
et al., 2015; Woijcik et al., 2001). Variation in inter-study methodological design — notably
related to the exercise protocols, protein dosing and timing regimes, dietary controls,
measurement tools, and participant characteristics — likely contribute to these inconsistent data.

Despite decades of research in this field, there is a major gap in our knowledge of EIMD
management due to an underrepresentation of female populations. Although evidence to
support sex differences in the EIMD response is ambivalent (Hubal & Clarkson, 2009; Pizza,
2009; Tiidus & Enns, 2009), this does not mean that research should be sex exclusive.
Likewise, EIMD management strategies originating from male-dominated research may not be
applicable to females, and studies ought to be replicated with inclusive populations. While the
need for female-focused research is irrefutable, the ideal research would study males and

females synchronously to enable direct comparison and help solidify the role of sex in EIMD.

1.1.1. Research Aims and Questions

The aims of this research thesis are to identify and bridge the sex data gap in EIMD research;
understand factors contributing to resistance EIMD; and inform practical recommendations for
the management of resistance EIMD. These aims will be addressed by answering the following

research questions:

1) What does the current literature suggest about the overall impact of dietary protein on
resistance exercise-induced muscle damage? (chapter 3)
2) Does the consumption of milk protein impact resistance exercise-induced muscle damage

and does this response differ between untrained males and females? (chapter 4)
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3) Does the total and regional body composition of untrained males and females relate to
resistance exercise-induced muscle damage? (chapter 4)
4) Is performing low-load resistance exercise an effective strategy for reducing exercise-

induced muscle damage? (chapter 5)

1.2.0. Methodological Approach

To achieve the aims and objectives of this work, this research implemented a quantitative
design to examine EIMD, with a central theme of sex differences. The research comprised both
primary data obtained from a randomised controlled trial (RCT) (chapter 4) and secondary data
obtained through systematic reviewing (chapter 3) and scoping (chapter 5) of relevant
literature. Figure 1.1 outlines and connects the elements of this thesis, and a detailed
methodology is provided in the appendices.

This research adopted a positivist approach with objective epistemological perspectives. The
ways of gathering knowledge, and knowledge itself, are subjective. Thereby epistemology
describes the generation and transfer of knowledge (Cohen et al., 2007). Closely linked,
ontology is concerned with the perception of reality (Crotty, 1998). To this end, two
philosophical approaches have been adopted to describe epistemological and ontological
perspectives: positivism and interpretivism. From a research perspective, methodological
designs are often based on either positivist or interpretivist approaches depending on the nature
of the research and the epistemological and ontological stance of the researcher. This section

will discuss these approaches and justify the choice of approach for the current research.

Typically, qualitative research adopts an interpretivist approach and is based on the
epistemological and ontological perspectives of subjectivism and relativism, respectively
(Scotland, 2012). Interpretivism holds the belief that reality is governed by senses and
therefore, is determined by an individual’s perception and experiences (Guba & Lincoln, 1994).
Knowledge gathered from interpretivist research is subjective, fluid, and layered; typically
encompassing participants’ feelings, emotions, and opinions. On one hand, interpretivist
approaches offer flexibility and allow the exploration of complex research questions with wider
scope. However, interpretivist research theories are developed after the gathering of data
(Cohen et al., 2007), and data are often subjective and context-specific; thus, it is challenging
to reach a consensus on the knowledge derived from interpretivist research. Moreover,

information provided by the participant may diverge from the information received by the
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researcher (Rolfe, 2006), which may be further misconstrued by the reader of the research; as

such, knowledge dilution is a limitation of interpretivism.

Opposingly, quantitative research generally adopts a positivist approach, formed from the
epistemological perspective of objectivism — based on the gain of factual knowledge — and the
ontological perspective of realism, which argues that reality exists independent of individual
perceptions. Positivists seek to simplify complex theories and find causes of specified
outcomes by obtaining data using methods that are direct, controlled, standardised, and
replicable, without a predisposed stance of proving or disproving hypotheses. Data derived
from positivist research are objective, verifiable, and seldom influenced by a participant’s
emotions and personal views. As such, gathered data can be statistically analysed and used to
make predictions and generalisations to other contexts. An extension of positivism, post-
positivism believes that truth (i.e. knowledge obtained through scientific experimentation) is
only one’s belief in the truth of the present research hypotheses. Post-positivism approaches
deem that truth can never be proven and thus, scientific hypotheses are not accepted, but rather
fail to be rejected (Creswell, 2009). A limitation of positivist methodology is the difficulty in
controlling all variables and reducing the influence of confounders on the study outcomes.
While experimental procedures can be standardised, confounders can be unpredictable and are
not always apparent until after the data is gathered (House, 1991). Further, unintentional
researcher bias may present itself throughout various stages of research, for example during
the selection of outcome measures, measurement tools, sampling strategy, and interpretation
of findings. Bias not only may influence outcomes, but sources of bias may also vary upon
study replication (Salomon, 1991); hence, mitigation strategies such as randomisation and

blinding are practiced.

This thesis adopted positivist and post-positivist approaches, and both primary and secondary
data were quantitative in nature. The RCT involved the direct assessment of human
physiological responses to exercise, which produced objective, numerical data. Although some
subjective measures were included — specifically the assessments of muscle soreness and
pressure-pain threshold (PPT) — these produced quantitative data and therefore did not require
subjective interpretation by the researcher. The gathered data was used to reject or fail to reject
the study’s null hypotheses. The systematic and scoping reviews followed a standardised and
rigorous procedure to select relevant primary studies that held a positivist approach and
produced quantitative data. Data from the systematic review (chapter 3) were included in a

meta-analysis to objectively determine the impact of protein supplementation on resistance
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EIMD. Data from the scoping review (chapter 5) were analysed using a semi-quantitative
approach to interpret, describe, and collate the study outcomes to reach a consensus on the
impact of resistance exercise load on EIMD. Overall, due to the inherently quantitative,
controlled, and objective nature of this research, a positivist approach with objective

epistemological perspectives was appropriately used to inform the methods.
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CHAPTER 2: Literature Review

This chapter highlighted a lack of EIMD research with females and describe physiological sex differences that prevent the extrapolation of data
between sexes. This chapter also identified that EIMD mechanisms are not fully understood. and management strategies are equivocal.
Two promising strategies relate to manipulation of peri-exercise nutrition and resistance exercise variables.

!

CHAPTER 3: The Impact of Dietary Protein on Resistance EIMD: A
Systematic Review with Meta-Analysis
By systematically reviewing and analysing the present literature. this chapter

}

CHAPTER 5: The Impact of Resistance Exercise Load on EIMD: A Scoping
Review
By reviewing the current literature, this chapter identified that performing

identified that protein supplementation 1s beneficial for managing some but not all > < resistance exercise with low relative to high loads can attenuate EIMD in males,
symptoms of EIMD n males, with the impact in females currently unknown. though supporting research mn females 15 needed.
- - - - - I‘ l- = -
CHAPTER 4: The Impact of Milk Protein Ingestion on Resistance EIMD in CHAPTER 6: The Impact of Resistance Exercise Load on EIMD in
Untrained Males and Females Untrained Males and Females: A Study Protocol
To addressthe sex data gap, this RCT compared EIMD between males and females This chapter describes a protocol for a randomused parallel group trial aiming to
following acute resistance exercise with or without peri-exercise milk protein N ¢ examine EIMD responses to acute low-load or high-load resistance exercise in
provision and explored the relationship of EIMD and total and regional body females and males. This study would inform sex-specific resistance exercise
composition. This study found that physiologically-relevant exercise induced mild recommendations for EIMD management and help bridge the sex data gap.
muscle damage without compromising muscle strength Post-exercise muscle
soreness and serum creatine kinase were attenuated i females relative to males, l
with no ber_lejc:lal ef_fe:jtf of mulk prn_afem mgtast_lon ;n e%ther se:; Correlanor_:lal CHAPTER 7: Discussion and Conclusions
ys€s revealed a Sig 1can_t _negfttn-e association between peat p_ost—exerqse A Ovwerall, this research confirms the presence of sex differences m EIMD and
CK activity and body composition in females, but not males, justifymng the need L .
) supports the need for further sex-comparative research and, potentially, sex-
for further sex-comparative research. ] ] ) . . . . ;
' specific exercise recovery strategies. This research found that peri-exercize milk
protein ingestion may not be an effective EIMD management strategy in either sex,

though i males, utilising lower resistance exercise loads appears beneficial.
Methodological mconsistencies across studies prevent reach of a consensus on
factors influencing EIMD and efficacious management strategies. Methodological
uniformity, with consideration for female-focussed research 1s needed.

Figure 1.1. Overview of thesis.
EIMD = exercise-induced muscle damage, RCT = randomised controlled trial



CHAPTER 2 Literature Review

2.1.0. Introduction

The underpinning mechanisms of resistance EIMD are discussed in this chapter to provide an
understanding of the pathway from muscle contraction-induced tissue damage to symptom
development, through to muscle repair and remodelling, with reference to sex differences
where appropriate. First, section 2.2.0. provides an overview of skeletal muscle, including its
structure, mechanisms of contraction, fibre types, and factors influencing skeletal musculature.
Then section 2.3.0. focusses on skeletal muscle damage, incorporating the proposed
mechanisms of EIMD, experimental markers to quantify EIMD with support from applied data,
mechanisms of muscle repair and regeneration, and exercise-induced muscle adaptations.

The current literature also has been explored in this chapter to identify factors impacting EIMD,
recognise knowledge gaps, and justify the need to fill such gaps. This work has a central theme
of sex differences and where possible, has drawn upon sex comparative research and discussed
male and female data separately. Section 2.4.0. highlights the need for female inclusive
research due to the many sex differences in human physiology and responses to nutrition and
exercise stimuli. The origin of these differences, being variation in sex steroid hormones both
between sexes and within the female lifespan, is discussed with reference to methodological
considerations for conducting research with female participants. Considering chapters 3 and 4
concentrate on the role of dietary protein as a management strategy for EIMD, section 2.5.0.
of this chapter introduces protein and outlines skeletal muscle protein metabolism and current
dietary intake recommendations for protein dose, timing, and type. Finally, resistance exercise
is briefly covered in section 2.6.0., with emphasis on the extrinsic and intrinsic variables that

can influence acute and chronic resistance exercise-induced muscle adaptations.
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2.2.0. Skeletal Muscle

Skeletal muscle is a highly plastic tissue that comprises approximately 40% of an individual’s
total body mass. Skeletal muscle is predominantly composed of water and protein, with up to
75% of total body proteins being contained within muscle. Accordingly, skeletal muscle
accounts for a high proportion (30-50%) of whole-body protein turnover and undergoes
constant remodelling. By this means, the mass of skeletal muscle is determined by the rate of
protein turnover (see section 2.5.1.). The functions of skeletal muscle may be defined as being
mechanical or metabolic in nature. From a mechanical perspective, skeletal muscle enables
movement, generates force, and maintains posture to support daily activities and overall health.
Metabolically, skeletal muscle is involved in the storage and metabolism of substrates, basal
energy metabolism, thermoregulation, and protein synthesis. Therefore, the maintenance of
skeletal muscle mass and function is imperative for overall health and wellbeing. An

anatomical depiction of skeletal muscle is presented in Figure 2.1.a.
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Figure 2.1.a. Anatomical structure of skeletal muscle (top) and a skeletal myofibre (bottom). Image

from Bone and Muscle, Basic and Applied Bone Biology, pp. 319 (Bonetto & Bonewald, 2019).
2.2.1. Mechanisms of Skeletal Muscle Contraction

Skeletal muscle contractions are either isometric (muscle length is unchanged) or isotonic

(tension may or may not change while the muscle length changes). During an isotonic
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contraction, the muscle length shortens (concentric contraction) or lengthens (eccentric
contraction) (Hill, 1925). The mechanics of muscle contraction remain in line with the original
‘sliding filament’ theory proposed in 1954 (Huxley & Hanson, 1954). Briefly, muscle
contractions are dependent on the availability of adenosine triphosphate (ATP). The binding
action of ATP to myosin causes the dissociation of myosin from actin and the hydrolysis of
ATP to release a phosphate molecule, which remains bound to the disengaged myosin. The
myosin head then forms a new cross-bridge with the adjacent actin molecule, followed by the
release of phosphate, which triggers a force-generating ‘power stroke’ that causes the actin
filament to be pulled toward the M-line in a sliding motion. This process is repeated, as the
muscle is stretched under tension until actin and myosin can no longer form cross-bridges and

muscle force is lost (Frontera & Ochala, 2015).

Muscle contraction is initiated when a signal from the central nervous system reaches the axon
terminal at the neuromuscular junction of the muscle fibre. Subsequently, acetylcholine is
released from synaptic vesicles within the axon terminal, travels across the synaptic cleft, and
binds to its receptors located on the sarcolemma, causing the opening of membrane ion
channels and the exchange of Na" and K* in and out of the muscle fibre, respectively. The
influx of Na* depolarises the membrane, and once a particular threshold voltage is reached, an
action potential is generated and stimulates excitation-contraction (E-C) coupling (Kuo &
Ehrlich, 2015). Membrane depolarisation also stimulates Ca?* release from the adjacent
sarcoplasmic reticulum and a steady influx of Ca?* into the cytoplasm is mediated by ryanodine
receptor (RyR) Ca?* channels (Field et al., 1988; Lamb & Walsh, 1987). Ca®" release
immediately stops upon the deactivation of RyR channels, and any remaining cytoplasmic Ca?*

is pumped back into the sarcoplasmic reticulum (Lamb, 2000).

Calcium ions enable muscle contraction by binding to troponin — a regulatory protein on the
actin filament. In the absence of Ca?", the binding site of troponin would be occupied by
tropomyosin, which inhibits the interaction between actin and myosin and, by this means,
muscle contraction (Gomes et al., 2002). During a series of muscle contractions, [Ca?*] drops,
and tropomyosin reoccupies the binding site on troponin; consequently, force production
gradually declines and muscle fibres eventually fatigue (Allen et al., 1995). The initiation and

mechanics of muscle contraction are summarised in Figure 2.1.b.
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Figure 2.1.b. The initiation and mechanics of skeletal muscle contraction.
Image from: Biologydictionary.net Editors. (2021, February 07). Actin and Myosin. Retrieved from
https://biologydictionary.net/actin-and-myosin/

2.2.2. Skeletal Muscle Fibre Types and Sex Differences in Skeletal Musculature

Skeletal muscle fibres may be categorised into three predominant types: type | (slow-twitch),
type 1IA, and type 11X (fast-twitch), which possess divergent properties. Specifically, type |
muscle fibres have a slow contractile speed, house oxidative metabolic pathways, appear red
in colour due to their high myoglobin and capillary content, and constitute around 40% of
vastus lateralis muscle — the most commonly sampled muscle tissue (Andersen et al., 2000;
Scott et al., 2001; Spangenburg & Booth, 2003). Owing to their high fatigue resistance, type |
fibres are activated during prolonged aerobic exercise of low intensity (around <40% VO2 max)
(Vollestad & Blom, 1985). Type IIA fibres comprise 30-35% of vastus lateralis muscle, are
red in appearance, and are considered oxidative, though possess intermediate metabolic
properties (Scott et al., 2001). Type IIA fibres have a faster contractile speed than type I, are
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relatively fatigue resistance and hence, are recruited during moderate intensity endurance
exercise (Vollestad & Blom, 1985). Constituting the remaining 25-30% of the vastus lateralis
muscle and identifiable by their white colour are type 11X fibres. Although fatigable, with the
fastest speed of contraction, type 11X fibres are the dominant fibre type activated during near-
maximal aerobic exercise and resistance exercise through the utilisation of glycolytic metabolic
pathways (Morton et al., 2019; Vollestad & Blom, 1985). Nonetheless, muscle fibre
recruitment operates on a continuum, such that the energy contribution of each fibre type is

altered in line with the metabolic stress placed on the muscle.

In accordance with the demands placed upon them, muscle fibres may convert from one type
to another and hence are considered plastic (Pette, 2002; Scott et al., 2001). Most common is
the adaptive conversion between type I1A and 11X in response to stimuli (e.g. exercise training).
For instance, resistance training increases the proportion of type Il1A fibres and reduces the
amount of type 11X within both male (Campos et al., 2002; Green et al., 1999; Hather et al.,
1991; Staron et al., 1994) and female (Staron et al., 1994) skeletal muscle with (Martel et al.,
2006) or without (Campos et al., 2002; Green et al., 1999; Hather et al., 1991; Staron et al.,
1994) change to type | fibre distribution. This fibre type conversion pattern appears common
to healthy adults of both sexes, though whether differences exist in the general composition of

skeletal muscle between males and females is debated.

Sexual dimorphism in skeletal musculature exists in a fibre type-dependent manner, with
variation in the distribution and size of type I, I1A, and 11X muscle fibres. Sex differentiation
in fibre type distribution is apparent during the transition from adolescence to adulthood, when
in these developmental years, males encounter a decrease in the proportion of type | fibres
(from ~55% to 48%) and an increase in type Il fibres (from ~44% to 49%), meanwhile the
reverse occurs in females (Glenmark et al., 1992). Once adulthood is reached, similar
proportions of type | (36-58% vs. 38-55%), type 1A (27-42% vs. 30-39%), and type 11X (13—
22% vs. 12-30%) fibres are typically found within the vastus lateralis of males and females,
respectively (Doriguzzi et al., 1984; Essen-Gustavsson & Borges, 1986; Glenmark et al., 1992;
Gollnick et al., 1972; Nygaard, 1981; Simoneau & Bouchard, 1989; Simoneau et al., 1985).
However, others have measured a greater proportion of type I fibres in females (Glenmark et
al., 1992; Simoneau & Bouchard, 1989; Simoneau et al., 1985; Staron et al., 2000), which has
been associated with superior fatigue resistance relative to males (Wust et al., 2008).

Conflicting data could be owing to inter-individual variability in fibre type distribution (Staron
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et al., 2000), alongside the age, activity level, training status, and hormonal profile of
populations studied.

Sex differences in skeletal musculature may pertain to the size, rather than distribution, of
muscle fibres. During adulthood, males develop larger muscle fibres (Martel et al., 2006) and
superior strength (Bishop et al., 1987) to their female counterparts. Notably, type Il fibre
hypertrophy is enhanced in males (Glenmark et al., 1992), such that the respective cross-
sectional fibre areas of type I1A and 11X are 38-59% and 56-66% greater in males than females
(Simoneau & Bouchard, 1989; Staron et al., 2000). Within male muscle, type Il fibres are
typically larger than type | and occupy a greater total region of muscle. Conversely, in female
muscle, type I fibres are superior in size to type Il (Brooke & Engel, 1969; Saltin et al., 1977,
Simoneau & Bouchard, 1989; Simoneau et al., 1985; Staron et al., 2000). Therefore, it would
appear the size of each muscle fibre type and its respective occupation of total muscle are the

key characteristics distinguishing male and female musculature.

2.3.0. Muscle Damage

Muscle damage is the excessive stretching of myofibres, resulting in minor tears near the
muscle-tendon junction, which present as various physical and subjective symptoms ranging
in severity from tolerable to debilitating. Myofibres are overstretched when they are under great
tensile force, and therefore, physical exercise is a common cause of muscle damage (Fernandes
etal., 2011).

2.3.1. Mechanisms of Exercise-Induced Muscle Damage

Unaccustomed resistance exercise and eccentric muscle contractions, such as those performed
during downhill running, are the primary inducers of muscle fibre damage (Allen, 2001;
Armstrong, 1984; Ebbeling & Clarkson, 1989; Stauber, 1989). Recently, it has been questioned
whether it is the unaccustomed nature of eccentric contractions that drives the muscle damage
response, as opposed to the eccentric contraction per se. This theory was derived from the
observation of a blunted muscle damage response once a muscle is accustomed to eccentric
resistance exercise (Margaritelis et al.,, 2021). However, this notion warrants further
investigation. While concentric muscle contractions are capable of causing muscle damage, the
consequences are neither as severe nor sustained as those triggered by eccentric contractions

(Margaritelis et al., 2021). Eccentric contractions can lead to the weakening or rupture of one
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or more structural components of the myofibre — known as ‘failing’” — resulting in reduced
capacity for force generation. Muscle failure may occur if the tensile stress placed on the
myofibre component exceeds its yield strength (Armstrong et al., 1991). Eccentric contractions
are capable of generating 150-200% of the maximal force of an isometric contraction
(Woledge et al., 1985), thereby increasing the vulnerability to muscle failure and muscle
damage. McCully and Faulkner (1986) were first to speculate that the greater force-generating
capacity of eccentric contractions is not the only characteristic involved in muscle damage. It
was demonstrated by these authors that eccentric contractions generating 85% of maximal
isometric force induced muscle damage, but concentric contractions at the same intensity did
not (McCully & Faulkner, 1985). Therefore, the muscle length at which maximum force is
produced, rather than the force itself, may determine the degree of damage. Peak force during
an eccentric contraction occurs when the muscle is stretched to 110% of its resting length,
relative to 100% of resting muscle length during concentric contractions (McCully & Faulkner,
1985). In agreement, a positive relationship between the length at which eccentric contractions
were initiated and the severity of muscle injury incurred was demonstrated by Newham and
colleagues (1988). As sarcomeres increase in length, there is a reduction in actin-myosin
overlap, of which the consequences are two-fold. First, there is loss of tension as the number
of myosin heads engaged with the actin filament decreases and second, there is an increase in
energy dissipated as heat or used in the deformation of the sarcolemma or its components
(Stauber, 1989; Tidball & Daniel, 1986). Accordingly, the greater lengthening capacity and
force production of eccentric contractions might explain why they induce more severe muscle
damage than concentric contractions (Margaritelis et al., 2021). The various proposed
mechanisms of eccentric contraction-induced muscle damage and its physiological effects are
now discussed. Of note, this early mechanistic research has predominantly been conducted
using animal or in vitro models; however, later studies with humans that have induced and

examined muscle damage do not indicate alternative mechanisms.
Excitation-Contraction Coupling Dysfunction

There are two prominent features of muscle damage which occur immediately after repeated
eccentric contractions, being disruption to the E-C coupling system and damage to sarcomeres.
Is it debated which is the primary event i.e. whether sarcomere damage causes E-C coupling
dysfunction or vice versa (Proske & Morgan, 2001b; Warren et al., 1993). Disruption to the E-
C coupling system was argued by Warren and colleagues to be the primary event in muscle

damage following eccentric contractions. Their hypothesis was supported by the exposure of
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mouse soleus muscle to caffeine after a series of damaging eccentric or non-damaging
isometric contractions. Caffeine directly activates the RyR channels and allows Ca?* influx
(Martonosi, 1984) so, if muscle damage were to be attenuated with caffeine exposure, it would
suggest that insufficient Ca®* release, and thereby failure of E-C coupling, was the cause of
muscle damage. Damaged muscle exposed to caffeine was demonstrated by Warren et al.
(1993) to produce comparable maximal force to non-damaged muscle, thus placing E-C
coupling dysfunction as the primary event. In support, an in vitro approach is to expose muscle
fibres to a Ca?* ionophore (ion transporter), which increases Ca?" transport across the
sarcolemma and stimulates Ca?* release from the sarcoplasmic reticulum. Elevated free
cytosolic [Ca®*] (Goodman, 1987; Publicover et al., 1978) rapidly deteriorates myofibrillar
structure and induces the loss of intramuscular enzymes into the medium (Duncan & Jackson,
1987). These events occur in a dose-dependent manner, such that when the ionophore
concentration is low (low cytosolic [Ca?*]), protein degradation occurs in the absence of change
to myofibrillar structure or maximum tension in rat soleus muscle (Kameyama & Etlinger,
1979). Failure of the E-C coupling system appears to be resolved after 14 days following
muscle damage, though in the first five days may account for up to 75% of the reduction in
force generation (Ingalls et al., 1998). However, in other species, including amphibians,
potentiating Ca?* release does not rescue the fall in muscle tension, indicating that E-C coupling

failure is not always the primary event in muscle damage (Allen, 2001; Morgan et al., 1996).
Sarcomere Disruption

Muscle damage may be initiated by damage to sarcomeres. Sarcomeres extend during eccentric
contractions, alongside increased muscle tension. However, once a sarcomere exceeds its
threshold length, muscle tension will rapidly fall as fewer myosin heads can form cross-bridges
with actin — so called the ‘length-tension relationship’ (Gordon et al., 1966). It has been
proposed that the overextension of sarcomeres occurs in the weakest first, then in the second
weakest and so on, resulting in a random distribution of overextended sarcomeres within the
myofibril (Morgan, 1990). Sarcomeres are disrupted if they fail to re-interdigitate upon
relaxation (Talbot & Morgan, 1996) and thus, repeated eccentric contractions can result in the
cumulative overextension and disruption of sarcomeres to the point where membrane damage
occurs (Morgan, 1990). First, by the tearing of transverse tubules and second, by damage to
the sarcoplasmic reticulum (Proske & Morgan, 2001b), ultimately impairing the E-C coupling
system. Consequently, free cytosolic Ca* levels are elevated due to both increased membrane

permeability and reduced Ca?* sequestering by the sarcoplasmic reticulum (Byrd et al., 1989;;
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1989y). Mitochondria can act as Ca®* buffers and uptake some of the excess Ca?*; however,
once their stores are at maximum capacity, Ca?* will rapidly spill back into the intracellular
space (Gissel, 2005). It is agreed that elevated cytosolic [Ca?*] is central to the muscle damage
response (Baracos, 1984; Jackson et al., 1984).

Elevated Cytosolic Calcium Concentration

The importance of maintaining Ca?* homeostasis is evidenced by the presence of at least seven
systems involved in Ca?* transportation across the sarcolemma (Carafoli, 1985). Disruption to
Ca2* homeostasis can trigger a cascade of autogenic responses, including local inflammation,
the activation of proteolytic pathways, and increased production of reactive oxygen and
nitrogen species (ROS and RNS). Importantly, degeneration processes are restricted to the local
site of injury and do not affect the entire myofibre (Armstrong et al., 1983; Carpenter &
Karpati, 1989; Ogilvie et al., 1988). Therefore, uncontrolled Ca2* influx occurs only locally
and if the cell can maintain a relatively low cytosolic [Ca?*], the autogenic response may not
be initiated. Conversely, if several regions of the sarcolemma are damaged and cytosolic [Ca?*]
is highly elevated, the activation of autogenic pathways triggers irreversible muscle damage
and ultimately cell death (Armstrong et al., 1991; Duchen, 2004). However, the subsequent
inflammatory cascade triggered by cell necrosis is vital to muscle regeneration, as discussed in

section 2.3.3.

Elevated [Ca?*] induces muscle damage in three key stages. First, particular cell structures are
degraded by Ca?*-dependent proteases (mainly calpain) resulting in Z-band streaming, A-band
disruption (Friden et al., 1983; Ogilvie et al., 1988), and fragmentation of titin (Raynaud et al.,
2005; Sorimachi et al., 1996). In human studies, recreationally active males (Cermak et al.,
2012; Damas et al., 2016p; Macaluso et al., 2014; Shepstone et al., 2005; Yu et al., 2004) and
premenopausal (Roth et al., 2000,) and postmenopausal (Singh et al., 1999) females performing
high-intensity eccentric, concentric, or plyometric exercise have demonstrated significant Z-
band streaming and titin fragmentation, which has been associated with elevated post-exercise
calpain-3 activity (Macaluso et al., 2014; Murphy et al., 2007). Peri-exercise consumption of
calcium channel blockers may attenuate structural damage to sarcomeres (Beaton et al., 2002),
but inhibiting Ca?*-activated proteases does not always reduce damage (Rodemann &
Goldberg, 1982). This indicates that either supraphysiological intracellular [Ca?*] overwhelms
the effects of protease inhibitors, or that Ca?*-activated proteases are not the main driver of

muscle degradation.
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Second, high levels of intracellular Ca?* may activate the Phospholipase A, (PLA?) pathway.
The PLA: enzyme is responsible for the production of arachidonic acid and, by extension,
prostaglandins, leukotrienes, and thromboxanes, which mediate pain and inflammation
(Korotkova & Lundberg, 2014) and can further degrade phospholipid membranes (Jackson et
al., 1984). In vitro studies have demonstrated reduced loss of intramuscular enzymes with the
addition of PLA; or prostaglandin inhibitors to a high [Ca?"] medium (Jackson et al., 1984;
Rodemann & Goldberg, 1982), which highlights the role of the PLA> pathway in membrane
degradation. In studies with humans, elevated plasma levels of arachidonic acid and
thromboxane have been recorded after 60 min of cycling exercise in recreationally active males
(Laustiola et al., 1984), while marathon running triggered a rise in plasma prostaglandin
concentration in males and females (Demers et al., 1981). Conversely, plasma prostaglandins
were not elevated following eccentric elbow flexions in untrained males (Hirose et al., 2004)
and females (Conceigéo et al., 2012). Activation of the PLA pathway has been related to both
hormonal status (lower response in premenopausal HC users than postmenopausal females)
(Conceicdo et al.,, 2012) and resistance exercise intensity (Uchida et al., 2009); thus,

disagreements might be due to varied exercise protocols and participant characteristics.

Third, mitochondrial Ca?* overload induces oxidative stress via increased ROS and RNS
production, leading to peroxidation of membrane lipids and reduced structural integrity of cells
(Grijalba et al., 1999). Post-exercise oxidative damage has been documented in recreationally
active and well-trained males following downhill running (Close et al., 2004; 2005), exhaustive
running (Watson et al., 2005), cycling (Ashton et al., 1998; Koska et al., 2000), and leg-based
resistance exercise (Bailey et al., 2007; Bloomer et al., 2005). The specificity of oxidative
damage was demonstrated by Bloomer and colleagues (2005; 2006) who reported exercise-
induced peroxidation of proteins, but not lipids, which suggests that proteins are targeted first
and perhaps that more severe damage is required for lipids to be affected. Accordingly,
significant lipid peroxidation did not occur in recreationally active females or well-trained
female rowers or footballers following exhaustive running (Mazani et al., 2018), downhill
running (Sacheck et al., 2000), or 90 min match-play (Andersson et al., 2010), respectively.
Conversely, eccentric resistance exercise triggered significant oxidative damage in untrained
females (Goldfarb et al., 2005; Radak et al., 1999), which alludes to an influence of training
status and/or exercise type on oxidative species production. Further research is needed to
understand the factors impacting exercise-induced oxidative stress, as well as the other Ca?*

mediated consequences of exercise (e.g. degradation of cell structures, activation of PLA>
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pathway). In particular, the role of sex is poorly understood due to a lack of research conducted
with both males and females.

To summarise, EIMD is initiated by local disruption to sarcomeres and dysregulation of the E-
C coupling system. Following these events, Ca?" homeostasis is lost, resulting in critically
elevated cytosolic Ca?* concentrations and the activation of autogenic pathways. Subsequently,
there is an oxidative stress response, stimulation of the PLA, pathway, and activation of
proteases. These events damage the structural components of sarcomeres and their
phospholipid membranes, ultimately triggering cell death and an inflammatory cascade that is
imperative for effective tissue repair and regeneration. Since much of the early research has
been conducted with rodents and, later, in humans of one sex (predominantly male), it is not
yet possible to characterise sex differences in the mechanisms of EIMD. The process of EIMD
is summarised in Figure 2.2.
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Figure 2.2. Summary of the process of exercise-induced muscle damage. Figure from StoZer et al.
(2020) pp. 567.



2.3.2. Markers of Muscle Damage

Several markers may be used to indicate muscle damage in males and females, which can be
categorised into direct and indirect markers. Measuring direct markers of muscle damage is
challenging as it necessitates either magnetic resonance imaging (MRI), which may not be
feasible due to financial, time, and resource constraints, or the collection of muscle biopsy
samples. The analysis of muscle biopsy samples using histology, immunohistochemistry, or
electron microscopy (Walters & Baborie, 2020) may reveal structural disturbances to the
myofibril, including Z-line streaming, loss of myosin filaments, loss of mitochondria, and
altered arrangement of A-band filaments (Friden et al., 1983). Nevertheless, there are two
inherent assumptions that require consideration when assessing muscle damage from biopsy
samples. First, that the degree of damage within the sample reflects the degree of damage
within the whole muscle. Second, that the muscle damage is induced by the experimental
intervention and not the biopsy procedure itself (Clarkson & Hubal, 2002; Malm et al., 2000).
Due to these limitations and the invasive nature of muscle biopsies, indirect markers are more
commonly used to assess muscle damage. However, indirect markers can only provide a proxy
measure of the magnitude of damage that has occurred and cannot objectively quantify tissue
damage, e.g. the number of sarcomeres that have been damaged. Therefore, obtaining several
indirect markers, particularly those which may be related (e.g. muscle swelling and
inflammatory biomarkers) is beneficial to create a more accurate picture of the magnitude of
muscle damage. Ratings of muscle soreness, blood biomarker analysis (including
intramuscular and inflammatory proteins), and maximal strength assessments were reported by
Warren and colleagues (1999) as being the most frequently assessed indirect measures of
muscle damage. Figure 2.3 shows a time-course of the peak change of these indirect muscle

damage markers.
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Figure 2.3. Time-course of peak changes in indirect markers of muscle damage. Figure drawn using data

from Clarkson and Hubal (2002); Damas et al. (2016).

Muscle Function

Various measures of muscle function including limb flexibility (Chen et al., 2020; Kim et al.,
2017), strength, countermovement jump (Orssatto et al., 2018), speed (Rankin et al., 2015),
agility (Cockburn et al., 2013), and sport-specific exercise performance (Draganidis et al.,
2013; Philpott et al., 2018) are used to indicate muscle damage. The post-exercise change in
maximal voluntary contraction (MVC) is deemed to best reflect the magnitude of muscle
damage (Damas et al., 2016,). Typically, isometric (Bartolomei et al., 2017; Buckley et al.,
2010; Chen et al., 2020; Dale et al., 2015; Draganidis et al., 2017; Nieman et al., 2020; Orssatto
et al., 2018; West et al., 2017) or isokinetic (Cockburn et al., 2010; 2012; Cooke et al., 2010;
Geeetal., 2019; Grubic et al., 2019; Ives et al., 2017; Saracino et al., 2020) muscle contractions
are performed during MVC assessments with use of an isokinetic dynamometer. Less
frequently used to determine MVC are one-repetition maximum (1RM) tests (Barroso et al.,
2011; Draganidis et al., 2013; Naclerio et al., 2020) or eccentric-only muscle contractions
(Paschalis et al., 2005). Different types of muscle strength could be affected by EIMD in varied
ways. For example, post-exercise reductions in eccentric and isometric peak torque of ~30%

and ~15%, respectively, were documented by Paschalis and colleagues (2005) in untrained

40



males. This difference may be because the muscle damage exercise protocol was eccentrically-
biased, although this idea has been contested elsewhere (Margaritelis et al., 2021). As such, it
may not be viable to compare MVC change data between studies that utilised varied methods

for its assessment.

Concentric muscle contractions can induce strength loss of up to 36% shortly after exercise in
males and females (Cadore et al., 2018; Willoughby et al., 2003), which has been mainly
attributed to neural and metabolic fatigue (Beck et al., 2012; Edwards et al., 1977) with no
evidence of ultrastructural damage (Newham et al., 1983). Although, sustained (5 days post-
exercise) decrements in maximal strength have been documented in young males following
concentric contractions (Margaritelis et al., 2021), which were unlikely driven by acute neural
responses. The most prolonged and marked reductions in strength occur after high-load
eccentric contractions, which can diminish muscle force-generating capacity by ~40-55% that
usually takes >5 days to recover to pre-exercise levels (Chen et al., 2016; Chen et al., 2020;
Nosaka & Newton, 2002; Nosaka et al., 2002y). However, when utilising maximal strength
assessments for the interpretation of muscle damage there are several methodological

limitations that are often ignored in experimental studies involving humans:

1) Maximal strength tests may cause additional muscle damage. Assessments of maximal
strength are often conducted immediately or shortly after EIMD at the nadir of muscle strength.
It is plausible that maximal strength tests, particularly those involving eccentric contractions,
induce some degree of muscle damage by placing additional strain on the already disrupted
myofibres (Arazi & Asadi, 2013). Therefore, subsequent strength assessments, i.e. at 24, 48,
72+ h after the original exercise bout may cause compounded strength reductions and
overestimate the time required for strength recovery. As such, to reflect real-life training
practices whereby a muscle group would be rested for day or two after the initial exercise bout,

it is perhaps pragmatic to conduct maximal strength assessments >48-72 h following EIMD.

2) Repeated bout effects from pre-exercise maximal strength assessments. The repeated bout
effect (RBE) is an established phenomenon whereby completion of prior exercise attenuates
the muscle damage response to subsequent exercise of a similar nature (Hough, 1902; Nosaka
& Aoki, 2011) (see section 2.3.4.). Hence if the protocol used to assess maximal strength shares
characteristics with the exercise protocol later used to induce muscle damage, then EIMD may
be attenuated if a sufficient washout period is not allocated. For instance, knee extensor

eccentric peak torque was assessed by Paschalis and colleagues (2005) prior to a muscle
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damaging exercise protocol involving eccentric knee extensions, which might have been
exposed to RBEs. Considering RBEs can be evident for up to 9 months following the initial
exposure to the contractile stimuli (Nosaka et al., 2001.), it may be challenging to obliterate
the effects completely. Extended periods (>9 months) between baseline and subsequent
measures with abstinence from strenuous activity would be required, which is unrealistic for
experimental studies with human participants. The magnitude of the RBE is reduced as the
time between exercise bouts extends (Nosaka et al., 2005). Accordingly, investigations of
EIMD could 1) employ different protocols for assessing strength and inducing damage (with
the former being less damaging than the latter) and 2) extend the washout between these two
protocols as much as is feasible.

3) Repeated-bout effects in crossover study designs. Intervention trials with two or more arms
that use a crossover design often have an insufficient washout period between conditions to
mitigate any RBEs. Although some washout periods exceed 6 weeks (Draganidis et al., 2017),
others as short as 7-10 days have been practiced (Bartolomei et al., 2017; West et al., 2017)
and therefore, muscle damage will likely be attenuated during succeeding exercise bouts
relative to the first. Further, not all studies counterbalanced group allocation to manage order
effects (Paschalis et al., 2005; Peake et al., 2006), which might have intensified RBEs. The
influence of RBESs can be negated by using a contralateral limb model, i.e. one limb performs
one condition, and the contralateral limb performs the alternative condition. Although,

outcomes may be affected by limb dominance, and a washout period is still required.

4) Failure of untrained individuals to achieve true maximal strength. Individuals who are
unaccustomed to resistance exercise are unlikely to reach their true maximum strength on their
first attempt (Babault et al., 2001), especially if the assessment is conducted using free-weights
rather than loaded machines or isokinetic dynamometry. It is therefore recommended that
baseline strength assessments are conducted twice in novice individuals; first, to estimate and
second, to confirm maximal strength. Alternatively, when assessing dynamic strength,
multiple-repetition maximum (e.g. 3RM, 10RM) tests can be conducted rather than 1RM tests
(ACSM, 2009). However, with some exceptions (Barroso et al., 2011), this guidance is rarely
followed in experimental models of EIMD. Novice individuals may more likely achieve their
true maximal strength during post-EIMD strength assessments once some neural adaptations
to the contractile stimuli have occurred (see section 2.6.2.). So, underestimation of baseline
maximum strength may then underestimate the exercise-induced change in maximum strength.

In agreement, 35% of untrained participants were excluded from data analysis by Buckley et
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al. (2010) as they failed to demonstrate reductions in isometric force following a damaging
exercise protocol. Here, strength preservation was attributed to a failure of the novice
individuals in achieving their true maximum strength at baseline. Since this issue is less
apparent in those experienced in resistance exercise, it may not be appropriate to compare or
combine maximal strength change data collected from trained and untrained individuals.

Blood Markers

A characteristic of EIMD is an increase in cell membrane permeability (see section 2.3.1.). As
a result, intramuscular proteins, such as CK, myoglobin, troponin, and lactate dehydrogenase,
may leak into systemic circulation and measuring their respective concentrations within plasma
or serum indicates the magnitude of EIMD. In particular, [CK] is frequently measured for the
assessment of EIMD. Elevated circulating [CK] can be measured within 24 h after resistance
exercise (Nosaka et al., 2002y; Paschalis et al., 2005), but peak values (~2,000-10,000 IU) are
not reached until 3—7 days post-exercise (Clarkson & Hubal, 2002) and may take up to 10 days
to return to pre-exercise levels (Manfredi et al., 1991). However, the blood concentration of
CK and other intramuscular proteins is not only the product of its release from the muscle, but
also its clearance from the blood. Various factors including but not limited to, baseline [CK]
(Nosaka & Clarkson, 1994), subsequent exercise (Saxton & Donnelly, 1995), number of CK
autoantibodies, and sex (Warren et al., 2006) can influence the rate of blood CK clearance.
Consequently, highly variable [CK] at rest and in response to exercise can be expected (Nosaka
& Clarkson, 1996.) and thus CK data should be interpreted with caution and ideally alongside

other markers when used to judge the magnitude of EIMD.

Pro-inflammatory biomarkers also are used in the assessment of EIMD to indicate local and
systemic inflammatory responses. It has been debated whether exercise-induced inflammation
is a “good” or “bad” process considering its links to muscle pain, soreness, and swelling, as
well as to muscle regeneration and repair (Malm, 2001; Tidball, 2011; Toumi & Best, 2003).
The post-exercise inflammatory response, although not always present (Kanda et al., 2014;
Nosaka & Clarkson, 1996y; Uchida et al., 2009), is marked by a leukocyte-mediated infiltration
of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-o. and various
interleukins (IL-1pB, IL-6, IL-8) that may be detected within plasma 0—4 h following exercise
(Paulsen et al., 2012). For instance, 2 h of treadmill running immediately elevated plasma
concentrations of TNF-a and several ILs in endurance trained males and females (Konrad et

al., 2011). Likewise, a significant rise in plasma IL-6 was recorded 0—4 h after downhill running
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in untrained males and females (Zhao, et al., 2020), but not when the same exercise protocol
was implemented in females alone (Koenig et al., 2016), suggesting a sex-specific protection
against inflammation, which has been supported elsewhere (Aragén-Vela et al., 2021; Benini
et al., 2015). Conversely, a sex-dependent response to whole-body resistance exercise was
refuted by Heavens et al. (2014) since both trained males and females experienced a ~600%
increase in serum IL-6. Conversely, trained females who performed 300 maximal eccentric leg
extensions experienced increases in serum IL-8, IL-10, and TNF-a, but not in IL-6 or IL-1p,
suggesting that different exercise stimuli may trigger varied cytokine responses. Accordingly,
the resistance exercise-induced infiltration of IL-6 has been linked to exercise intensity
(Bartolomei et al., 2017; Mendham et al., 2011; Peake et al., 2006) and contraction type
(Willoughby et al., 2003) in untrained males, although overall, systemic inflammation is often
unrelated to the severity of EIMD (Buckley et al., 2010; Kanda et al., 2013; Nosaka &
Clarkson, 1996y; Peake et al., 2006). It has been proposed that the plasma increase in IL-6 is
majorly attributed to intramuscular 1L-6 production as a direct consequence of muscle
contraction, in the absence of muscle damage per se (Steensberg et al., 2000). Accordingly,
muscle biopsy samples have revealed increased messenger ribonucleic acid (MRNA)
expression of IL-6, IL-1B, IL-8, and TNF-a during the 24-h period following resistance
exercise (Paulsen et al., 2012), although it should be noted that the biopsy procedure in itself
may induce inflammation (Malm et al., 2000; Van Thienen et al., 2014). Nonetheless, there is
emerging agreement that this initial inflammatory response is central to muscle regeneration
(Tidball et al., 2014) (section 2.3.3.), as marked by a shift in pro-inflammatory agents to anti-
inflammatory (Chazaud, 2016; Tidball et al., 2014).

Muscle Swelling

The exercise-induced inflammatory response causes oedema, which presents as muscle
swelling that typically peaks 4-5 days after exercise (Damas et al., 2016,). Measures of muscle
swelling may be used to suggest inflammation in replacement of, or in addition to, blood or
biopsy sampling. Techniques, such as MRI, can detect various signs of oedema/swelling,
including inflammation of muscle fibres, expansion of the extracellular matrix, augmented
muscle volume, alterations in fibre shape, and changes in transverse relaxation time (T2)
(Clarkson & Hubal, 2002; Kalia et al., 2017). However, a more convenient and indirect method
to examine muscle swelling is the measurement of limb circumference with standard
anthropometric techniques. There is evidence that limb circumference expands in an exercise

intensity-dependent manner (Chen et al., 2020; Hasenoehrl et al., 2017; Nosaka & Newton,
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2002; Nosaka et al., 2002y), although increases in upper arm circumference have been recorded
in untrained males following repeated eccentric elbow flexions performed at as low as 10% of
maximal exercise intensity (Chen et al., 2020; Peake et al., 2006). Conversely, upper arm
circumference remained unchanged in untrained males during the 96-h period following
submaximal and maximal eccentric elbow flexor exercise, despite significant muscle damage
(Barroso et al., 2011). Findings in females are equivocal; the series of experiments by Brown
and colleagues reported that the completion of 15 x 30-m sprints by team-sport athletes and
recreational dancers was sometimes (Brown et al., 2015) but mostly not (Brown et al., 2018;
2019; Keane et al., 2015) associated with increased calf and thigh girth. Granted that
biomarkers of inflammation were not analysed by these authors, the lack of exercise-induced
muscle swelling could be down to a female-driven protection against inflammation (Aragon-
Vela et al., 2021; Benini et al., 2015; Tiidus, 2003), although few studies have directly
compared muscle swelling in females relative to males. Comparable increases in arm
circumference in males and females following eccentric elbow flexions were reported by
Dannecker et al. (2012), though further studies are required to corroborate these findings.
Moreover, despite limb circumference measures of muscle swelling being convenient, time-
efficient, and requiring minimal resources, outcomes are not always related to biomarkers of
inflammation (Peake et al., 2006) and therefore, additional measures of inflammation (i.e.

blood sampling, biopsies, or MRI) should be obtained if possible.
Range of Motion

The ROM of the exercised limb may be limited following EIMD as a consequence of muscle
swelling. Swollen tissue applies pressure to the muscle fascia and passively shortens the resting
length of the muscle (Stauber et al., 1990). Individuals may therefore experience sensations of
muscle stiffness and reduced flexibility, which could hinder exercise performance.
Accordingly, muscle stiffness and ROM have been related to strength loss (Chen et al., 2011,
McHugh et al., 1999), and increasing muscle flexibility prior to exercise can (Chen et al., 2011,
LaRoche & Connolly, 2006), but not always (Brusco et al., 2018; Eston et al., 2007), reduce
symptoms of EIMD. Therefore, assessing joint ROM or muscle flexibility is a useful indicator

of the severity of and recovery from EIMD.

Joint ROM is typically measured as the difference between the flexed angle and relaxed angle
of the limb joint during a passive contraction using a goniometer, while the sit-and-reach test

is commonly used to assess hamstring and back flexibility. Studies have showcased varied
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changes in ROM or flexibility of the exercised limb following muscle damage, although peak
decreases tend to coincide with peak muscle soreness, i.e. 24-48 h post-exercise. For instance,
hamstring flexibility was reduced by ~20% in female recreational dancers 24-48 h after
repeated high-intensity sprints (Brown et al., 2018, 2019), whereas hamstring flexibility was
unaffected by 60 min of downhill running in female runners (Kohne et al., 2016). Likewise,
eccentric elbow flexions decreased ROM by only ~5% immediately post-exercise in untrained
females (Lin et al., 2018) and similarly in males immediately (~10% peak decrease) (Chen et
al., 2016), 24 h (~8% peak decrease) (Howatson & Van Someren, 2003), and 48 h (~7% peak
decrease) (Lamb et al., 2019) post-exercise. These data are comparable to those reported by
Chen et al. (2011) who showed that, in untrained males, maximal eccentric exercise performed
with arm muscle groups induces greater muscle damage and decreases in ROM than when
performed with leg muscle groups (-7.2% vs. -2.8%, respectively). However, others have
documented greater reductions of up to 33% in ankle dorsiflexor ROM following leg-based
resistance exercise in trained males and females (Casanova et al., 2018). These differences
suggest an influence of training status on the exercise-induced change in ROM, which is
evident for other markers of EIMD (Ertel et al., 2020; Vincent & Vincent, 1997). The change
in ROM also appears to be affected by muscle contraction type, considering that 60 maximal
unilateral elbow flexions incorporating concentric-eccentric (Hunt et al., 2021) or eccentric-
only (Zainuddin et al., 2005) contractions reduced ROM by ~9% and ~30%, respectively in
untrained males and females. Again, it is widely accepted that eccentric muscle contractions
induce the severest damage (Allen, 2001; Armstrong, 1984; Ebbeling & Clarkson, 1989;
Stauber, 1989). Less extensively examined is the impact of sex on ROM succeeding damaging
exercise. Several studies have been conducted with both males and females; however, these
did not analyse for sex differences (Casanova et al., 2018; Hunt et al., 2021; Zainuddin et al.,
2005). Sex differences were analysed by West and colleagues (2020) who found that untrained
males and females equally decreased knee joint ROM in response to 6 sets of 10 unilateral leg
extensions. On the other hand, the relaxed arm angle of males and females was measured by
Rinard et al. (2000) before and for 7 days after a bout of maximal eccentric elbow flexor
exercise. Although no sex differences were apparent for 48 h after exercise, thereafter females
had a significantly lower relaxed arm angle indicative of greater muscle stiffness and limited
flexibility. Overall, the exercise-induced decrease in muscle flexibility and ROM varies in
magnitude, which is perhaps due to the muscle group exercised, type of contraction, and
familiarity with the exercise. Further research is needed before the impact of sex can be

verified.

46



Muscle Soreness

Muscle soreness is a common consequence of eccentric or unaccustomed muscle contractions
and generally peaks 48 h succeeding the exercise bout, hence the colloquial name ‘delayed
onset muscle soreness’ or ‘DOMS’ (Damas et al., 2016,). Subjective ratings of muscle soreness
are typically measured with use of visual analogue/rating scales (VAS/VRS) or pressure
algometry with the muscle either relaxed, flexed, or palpated and the participant in a standing,
seated, or supine position. Muscle soreness can persist for ~4 days after exercise, though its
severity and duration are highly variable (Damas et al., 2016,). A large-scale cluster analysis
conducted by Damas and colleagues (2016.) suggested that the severity of soreness was related
to the magnitude of muscle damage. By this means, young males who experienced the greatest
reduction in elbow flexor MVC 1-5 days after eccentric exercise, i.e. high responders, reported
the worst muscle soreness. Others, however, argue that muscle soreness is a poor reflection of
EIMD (Nosaka et al., 2002,), which is supported by studies that have failed to show a
relationship between peak muscle soreness and immediate post-exercise reductions in maximal
strength (Chen et al., 2020; Nosaka et al., 2002,; 2002p; Paschalis et al., 2005). It should be
noted that sensations of soreness and pain are not only individual and subjective, but also can
be influenced by present mood, hormonal status, and other physiological variables (Melzack,
1982). These factors may not influence other, more objective, markers of EIMD in the same
way and could therefore explain the discordant relationship of muscle soreness and other EIMD

outcomes.

The exact mechanisms underpinning muscle soreness are currently unknown. It appears that
the development of muscle soreness follows an alternative mechanism of action to other
symptoms of EIMD, given that strategies that attenuate muscle soreness do not necessarily
preserve muscle strength (Farup et al., 2014; Philpott et al., 2018) and vice versa (Buckley et
al., 2010; Cockburn et al., 2008; Naclerio et al., 2020). It has been postulated whether exercise-
induced muscle soreness and pain are less so attributed to mechanical myofibre damage and
more to metabolic events and disruption of the extracellular matrix (Stauber et al., 1990). There
is an apparent time-course discord between the immediate post-exercise mechanical damage
(indicated by reduced ROM, MVC etc.) and the delayed onset of muscle soreness. Further,
muscle soreness induced by maximal eccentric contractions has been poorly correlated to
strength loss (r = -0.346), while the relationship between strength loss and ROM, limb
circumference, or [CK], albeit not strong, is more apparent (r = -0.494 to 0.449) (Damas et al.,

2016,). These data perhaps refutes a mechanical aetiology of muscle soreness.

47



A plausible metabolic mechanism relates to the sensitisation of pain receptors located within
the muscle fascia, termed nociceptors (Marchettini et al., 1996). Following EIMD, an increase
in cell membrane permeability and disturbed calcium homeostasis may trigger the calcium-
mediated degranulation of mast cells. Upon their degranulation, mast cells release histamine, a
known algesic that can sensitise nociceptors and increase pain sensations (Stauber et al., 1990).
This concept holds strong considering the effectiveness of pain medications that block the
degranulation of mast cells by calcium (Casale, 1988; Flacco et al., 1989; Amelink et al., 1990).
Further, supplementation with caffeine, which increases calcium influx into muscle
(Martonosi, 1984), has been documented to reduce sensations of soreness following eccentric
exercise (Chen et al., 2019; Hurley et al., 2013). Therefore, myofibre membrane instability and
calcium dysregulation may be key mediators of exercise-induced muscle soreness, although

there is also a potential role of inflammation.

Systemic inflammation has been accepted as being poorly connected to exercise-induced
muscle soreness (Donnelly et al., 1990; Kanda et al., 2013; Malm, 2001; Ms et al., 2020; Pizza
et al., 1999; Uchida et al., 2009), although local inflammation, arising from structural
deformation of myofibre membranes, could be a driving factor. Encouraging a local anti-
inflammatory response within the muscle fascia and preserving cell membrane integrity was
proposed by Philpott and colleagues (2018) as the key to attenuating exercise-induced muscle
soreness, though this needs further investigation. Additionally, muscle soreness may be a
consequence of altered behaviour of the muscle fascia connective tissue, which has been
documented after eccentric exercise (Pefailillo et al., 2015; Wilke & Behringer, 2021). There
is evidence of increased fascia thickness (Tenberg et al.,, 2021) and connective tissue
breakdown (Brown et al., 1997; Mavropalias et al., 2021) after eccentric cycling and resistance
exercise in males and females, though these changes are not always related to muscle soreness.
The density of nerve endings is greater in the fascia than the muscle itself (Highstead et al.,
2005) and, by this means, the fascia has been associated with greater pain sensations than
muscle tissue in response to chemical (Deising et al., 2012; Schilder et al., 2014) or electrical
(Schilder et al., 2016) stimulation, which was intensified following exercise (Gibson et al.,
2009). Further, supplementation with gelatine or collagen increased connective tissue synthesis
(Shaw et al., 2016) and alleviated symptoms of muscle soreness following exercise (Clifford
et al., 2019), although more confirmatory studies are needed. Therefore, investigating the
properties of connective tissue during exercise and their relationship with muscle soreness

seems logical moving forward.
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Overall, current data suggest that the mechanisms of exercise-induced muscle soreness are
related to impaired cell membrane integrity and calcium dysregulation, local inflammatory
responses, and/or altered connective tissue properties. While further inspection of these
mechanisms is necessary, the contribution of systemic inflammation and mechanical myofibre

damage to the development of muscle soreness likely can be ruled out.

2.3.3. Mechanisms of Muscle Repair and Regeneration

Succeeding muscle damage, the inflammatory response serves to remove damaged or necrotic
cells and initiate vital muscle repair and adaptation processes. Although inflammation has long
been considered a detrimental phenomenon, it is gaining acceptance that inflammation is
necessary for effective muscle regeneration (Chazaud, 2016; Urso, 2013). Initially after muscle
damage, various immune cell types, including neutrophils, eosinophils, T regulatory
lymphocytes, CD8 T lymphocytes, and mast cells, are activated and infiltrate the muscle
(Burzyn et al., 2013; Castiglioni et al., 2015; Cote et al., 2008; Teixeira et al., 2003; Zhang et
al., 2014). Neutrophils are first to enter the muscle after exercise (Fielding et al., 1993) and are
primarily involved in the phagocytosis of necrotic myofibres (Pizza et al., 2005), although can
also produce cytolytic and cytotoxic molecules that may aggravate existing muscle damage
(Nguyen & Tidball, 2003). Yet, animal models have demonstrated that depletion of neutrophils
prior to muscle damage compromises muscle regeneration (Teixeira et al., 2003), which
suggests that neutrophils hold an overall positive role in muscle health. Additionally,
preventing monocyte recruitment to the injured site supressed macrophage activation and
encumbered muscle regeneration (Lu et al., 2011). Macrophages possess a dominant role
throughout all stages of muscle repair and are recruited within a few hours of muscle damage
(Arnold et al., 2007; Perdiguero et al., 2011; Wang et al., 2014). Initially, macrophages serve
as pro-inflammatory agents by stimulating the release of IL-1B, IL-6, and TNF-a and
phagocytising necrotic cells and tissue debris (McLennan, 1996). The phagocytosis of necrotic
myofibres triggers a switch in the phenotype of macrophages from pro- to anti- inflammatory
agents, which then stimulate increased expression of IL-10 and growth factors and dampen
pro-inflammatory cues (Arnold et al., 2007; Varga et al., 2013). Macrophages also support
myofibril growth by stimulating their proliferation, while inhibiting their fusion and apoptosis,
and are therefore considered essential to muscle regeneration (Chazaud et al., 2003; Sonnet et
al., 2006). Macrophages themselves will proliferate, and peak concentrations of pro- and anti-

inflammatory agents may respectively be measured within 12-48 h and 3—7 days following
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EIMD, irrespective of the type of exercise (Chazaud, 2016; McLoughlin et al., 2003; Paulsen
et al., 2013; Pizza et al., 2002; Tsivitse et al., 2003). The degree of macrophage infiltration is
related to the severity of EIMD, as classified by the reduction in maximal muscle force
following exercise, although macrophage numbers will remain elevated until tissue

remodelling is complete (Paulsen et al., 2012).

Many peri-exercise nutritional, physiotherapeutic, and pharmaceutical strategies, such as
antioxidant and polyphenol supplementation, cryotherapy, and non-steroidal anti-
inflammatory drug (NSAID) administration hold the aim of reducing inflammation. However,
as concluded by Chazaud (2016), supressing the initial pro-inflammatory phase can impede the
subsequent stages of muscle regeneration, resulting in incomplete muscle repair. For example,
the daily administration of NSAIDs to endurance trained males for 4 days before and 8 days
after a 36 km run attenuated the post-exercise activation and proliferation of satellite cells
(Mackey et al., 2007). Likewise, a peri-exercise intramuscular infusion of NSAIDs or placebo
was received by endurance trained males for 7.5 h and 200 maximal eccentric leg extensions
were performed. Immunohistochemistry analysis of muscle biopsy samples revealed that
compared to the untreated leg, the leg infused with NSAIDs demonstrated an attenuated
increase in satellite cell number 8 days post-exercise (Mikkelsen et al., 2009). As discussed
below, satellite cells are key players in muscle remodelling and growth and hence these data
indicate that muscle repair is impaired when the inflammatory response is obstructed, at least
in males. To conclude, post-EIMD inflammation is likely beneficial for subsequent muscle
regeneration and by extension, interfering with the initial pro-inflammatory phase with use of
nutritional, physiotherapeutic, or pharmaceutical practices may not be pragmatic. Instead,
Chazaud (2016) proposed that it is most appropriate to enhance the anti-inflammatory phase
via timely post-exercise administration of anti-inflammatory agents, though this needs

supporting investigation.

Succeeding the acute inflammatory cascade, skeletal muscle remodelling is dependent on
resident stem cells, termed satellite cells. Satellite cells can be activated in response to
physiological or metabolic stress, such as inflammation, oxidative stress, hypoxia, tissue injury,
and exercise (Abreu et al., 2017). Unlike muscle degeneration, satellite cell activation is not
restricted to the local site of damage. Satellite cells from an undamaged region of a myofibre
also are activated, proliferate, and migrate to the damaged site on the same myofibre (Schultz
etal., 1985). Then, 24-48 h following muscle damage, satellite cells rapidly express myogenic

transcription factors (Cooper et al., 1999; Cornelison & Wold, 1997), which play key roles in
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myoblast differentiation and proliferation (Gayraud-Morel et al., 2007; Yablonka-Reuveni et
al., 1999). Following differentiation, satellite cells fuse to either existing damaged myofibres
or each other to form new myofibres and the donated myonuclei translocate to the periphery of
the fibre. These newly formed myofibres may then hypertrophy and are morphologically and
functionally indifferent to undamaged fibres (Yin et al., 2013). Any excess satellite cells will
replenish the satellite cell pool, as a diminished pool compromises muscle regeneration
(Sambasivan et al., 2011).

Exercise is a potent stimulator of satellite cell activation. Several studies have been conducted
with young, untrained males and these have showcased that maximal eccentric leg extensions
can increase myofibre satellite cell content by up to 184% from pre- to 72 h post-exercise,
which can remain elevated for up to 8 days (Crameri et al., 2007; Crameri et al., 2004; McKay
et al., 2009; McKay et al., 2010; O'Reilly et al., 2008). The resistance exercise-induced
activation of satellite cells has been related to muscle fibre type (increased activation at 96 h
post-exercise in type | but not type Il fibres in middle-aged, overweight/obese males and
females) (Pugh et al., 2018), age (greater activation in young compared with older males; 141%
vs. 51% increase 24 h post-exercise) (Dreyer et al., 2006), and sex (greater activation in young,
untrained females compared with males) (Luk et al., 2019). Conversely, sex differences in the
satellite cell response to 14 x 5 eccentric elbow flexions performed by recreationally active
young adults were not identified by Paulsen et al. (2010), and so further studies are needed to
confirm the impact of sex on satellite cell regulation. Likewise, the impact of hormonal status
on satellite cell activation is poorly understood, mainly due to a lack of studies conducted with
females, and specifically with consideration for MC phase, HRT use, and menopausal status
(Oxfeldt et al., 2022).

2.3.4. Skeletal Muscle Adaptations — The Repeated Bout Effect

It is well appreciated that the changes in muscle histology, functional capacity, intramuscular
protein leakage, and soreness experienced after unaccustomed exercise are attenuated with a
repeated bout of a similar exercise performed within several weeks, termed the RBE (Fridén et
al., 1983; Hough, 1902; Schwane & Armstrong, 1983). There is evidence to suggest that the
RBE may be induced by eccentric contractions generating only 20% of maximal force and may
be sustained for up to 3 weeks following the first exercise bout (Chen et al., 2012). However,
it appears that the magnitude of the RBE is proportional to the intensity of the first exercise

bout. Accordingly, a series of maximal eccentric contractions of the elbow flexor were
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performed by untrained males 2—3 weeks after an initial series of eccentric contractions of the
same arm performed at 100%, 80%, 60%, or 40% of maximal intensity. The protection against
muscle damage offered by the first exercise bout on the second existed in an intensity-
dependent manner (100% > 80% > 60% > 40%) (Chen et al., 2007). This effect may be
attributed to the severity of muscle damage induced by high-intensity contractions, although
importantly, severe muscle damage is seemingly not a prerequisite to the RBE (Chen et al.,
2012). The magnitude of the RBE appears to differ among markers of muscle damage with the
greatest protection being offered to myofibre membrane permeability, then to muscle soreness,
and the least protection offered to maximal strength (Chen et al., 2016), which indicates that
sarcolemma damage is notably reduced during repeated exercise. Other factors influencing the
RBE include training status, i.e. greater protection in untrained than trained, and the muscle
exercised, i.e. greater adaptation in the elbow flexor than the knee extensor (Nosaka & Aoki,
2011). Additional studies are needed to confirm the influence of sex on the RBE; however, no
differences between recreationally active males and females in the protection against maximal
torque loss following a repeated bout of eccentric dorsiflexor contractions were identified by
Bruce et al. (2021).

The mechanisms of the RBE are not well understood, but are thought to be associated with
neural, mechanical, and cellular adaptations. One proposal is that muscle adaptations are driven
by an increasing number of sarcomeres in series within a myofibre (Lynn & Morgan, 1994;
Morgan, 1990) which, although reversible, can occur rapidly (Williams & Goldspink, 1973).
As a result, at any given muscle length, the sarcomere length would be shorter and therefore,
the risk of sarcomere overextension beyond the point of actin-myosin overlap is reduced.
Alternatively or additionally, a shift in the sarcomere length-tension curve (Gordon et al., 1966)
may signify adaptation to EIMD. Due to sarcomere disruption, unaccustomed exercise causes
a temporary shift in the optimum muscle length (Jones et al., 1997), followed by a second
delayed shift, which represents adaptation by increased sarcomere number without changing
tendon length (Brockett et al., 2001; Lynn et al., 1998). By this means, the contracting muscle
may extend to longer lengths before a loss of tension occurs (Proske & Morgan, 2001a).
Another proposition is that muscle adaptations are driven by the central nervous system by
means of increased motor unit firing synchronicity, enhanced efficiency of motor unit
recruitment, increased recruitment of type | fibres, and better workload distribution among
fibres (Nosaka & Aoki, 2011). Using intramuscular electromyography, an increase in motor

unit synchronisation was demonstrated up to 7 days following eccentric exercise (Dartnall et
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al., 2011), which may enhance force production. These neural adaptations might explain why
strength improvements can be made disproportionately to changes in muscle mass (Moritani,
1979). Nevertheless, a limited number of studies have investigated short- and long-term neural
adaptations after eccentric exercise (Hyldahl et al., 2017). Establishing the mechanisms
underpinning the RBE may shed light on those factors influencing the magnitude of its effects.

Due to the RBE, it could be argued that EIMD is only an issue for the first bout of exercise, as
thereafter, symptoms that may impact exercise performance will be reduced. However, current
resistance exercise recommendations prescribe progressive overload (ACSM, 2009) whereby
the exercise type, set number, repetition range, load etc. are frequently changed. By this means,
exercising individuals of any calibre are regularly exposed to “new” exercise stimuli and hence
to EIMD. This highlights the importance of finding effective and sustainable strategies for the
management of EIMD.

2.3.5. Sex Differences in Muscle Damage and Repair

The question as to whether sex differences exist in the muscle damage response to eccentric
exercise has been heavily debated among researchers (Hubal & Clarkson, 2009; Pizza, 2009;
Tiidus & Enns, 2009). Observed sex differences have been attributed to the role of oestrogen
in maintaining cell membrane stability and inhibiting leukocyte infiltration (Tiidus, 2003). As
shown in rat quadricep femoris muscle, damage induced by eccentrically biased downhill
running was of greater severity, evidenced by increased sarcolemma permeability, in males
than females (Komulainen et al., 1999). Furthermore, male rats supplemented with oestrogen
had attenuated intramuscular CK leakage during exercise recovery compared to untreated rats;
the response to which was augmented with increased duration of oestrogen supplementation
(Clarkson & Sayers, 1999). These observations, among others (Amelink & Bér, 1986; Amelink
et al., 1990; Bér et al., 1988; St. Pierre Schneider et al., 1999) led researchers to investigate, in
human participants, the impact of oestrogen on skeletal muscle damage. However, while
studies conducted with animals can be tightly controlled, it is challenging to isolate the impact
of specific hormones in humans due to, for instance, hormone interactions and ethical
constraints with performing ovariectomies or issuing hormone replacement therapy (HRT) and
hormonal contraceptives (HCs) in a blinded fashion. As such, it is not surprising that the
outcomes obtained from animal studies are not always mirrored in human studies that have

attempted to uncover the effects of oestrogen and sex on skeletal muscle damage.
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Human studies have compared muscle responses to damaging exercise between males and
females, females with or without HRT use, and during different phases of the menstrual cycle
(MC). So far, findings are equivocal. For instance, premenopausal HC users (Carter et al.,
2001) and postmenopausal HRT users (Dieli-Conwright et al., 2009) had lower post-exercise
CK responses relative to HC and HRT non-users, respectively. However, in another instance,
HC users showed greater post-exercise [CK] elevations than non-users (Minahan et al., 2015).
Therefore, synthetic female hormones may or may not help protect myofibre membranes
during exercise. Further, compared to males, females have experienced an attenuated (Stupka
et al., 2000) or heightened (Maclintyre et al., 2000) inflammatory response; lower muscle
soreness (Kerksick et al., 2008); greater strength impairment (Fredsted et al., 2008; Sewright
et al., 2008); and blunted [CK] elevation (Minahan et al., 2015; Sewright et al., 2008) following
eccentric exercise. Conversely, other studies have failed to identify sex differences in post-
exercise strength loss, muscle soreness, or intramuscular protein leakage (Eston et al., 2000;
Hubal et al., 2008; Macintyre et al., 2000; Rinard et al., 2000; Sayers & Clarkson, 2001).
Disagreements in these data have been attributed to methodological limitations in study design,
such as lack of control for hormonal status; poor measures of muscle damage; and inequitable
exercise protocols (Hubal & Clarkson, 2009; Pizza, 2009). In accordance, the research design
of Dannecker and colleagues (2012) aimed to mitigate these limitations by first, obtaining
measurements from females during the follicular phase of the MC (although confirmation of
MC phase was not gained through blood hormone concentration); second, by establishing the
intensity of the exercise protocol based on eccentric strength, not concentric strength; third, by
assessing muscle soreness of the exercised limb during rest, movement, and maximal strength
testing; and fourth, by controlling participants’ diet and therapeutic behaviours. By this means,
in response to a series of maximal eccentric elbow flexor contractions, young, untrained males
and females experienced comparable changes in subjective muscle pain, PPT, swelling, and
serum biomarkers. In support, a recent systematic review with meta-analysis revealed marginal
difference between males and females in maximal voluntary isometric torque loss of the lower
and upper extremities (1.3% and 6.5% weighted mean difference, respectively) immediately
following EIMD (Morawetz et al., 2020). Further, self-perceived muscle soreness was
comparable between sexes in all studies reviewed. On the other hand, in six of the nine studies
analysed, males experienced a significantly larger post-exercise [CK] peak relative to females,
with no sex differences in the time-course of peak [CK] (Morawetz et al., 2020). Therefore,
the influence of sex and oestrogens on EIMD may be specific to individual muscle damage

markers.
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Oestrogenic hormones and sex perhaps have a greater influence on muscle repair and
adaptation following EIMD. The involvement of oestrogens in post-injury inflammatory
processes (section 2.3.3.), specifically by attenuating leukocyte infiltration, has been frequently
argued in animal models (Enns et al., 2008; St. Pierre Schneider et al., 1999; Tiidus, 2003;
Tiidus & Bombardier, 1999; Tiidus et al., 2001). Yet, corroborating data from human studies
are lacking, mainly because the effects of oestrogen per se cannot be isolated; hence,
comparisons between sexes are made. For instance, a high-volume of eccentric contractions
induced more severe neutrophil infiltration in females than males (Maclntyre et al., 2000).
Likewise, immediately after a bout of downhill running, females had greater elevations in
neutrophils, lymphocytes, monocytes, and total white blood cell count compared to males, who
experienced a delayed (24 h post-exercise) inflammatory response (Wiecek et al., 2017). In a
conflicting study by Stupka et al. (2000), males had a higher inflammatory cell count than
females, though the inflammatory response induced by eccentric exercise was not significantly
different between sexes. Albeit these data may have been influenced by HC use among females
and the significantly higher dietary antioxidant intake in males compared to the females.
Clearly in humans, unlike rodents, the relationship of sex/oestrogen and inflammatory muscle

repair events is ambiguous.

Considering the importance of the post-damage inflammatory cascade in muscle repair and
regeneration (Arnold et al., 2007; Varga et al., 2013), it may be postulated whether the
diminution of leukocyte infiltration by oestrogen is indeed beneficial, or otherwise impeding,
to muscle recovery. As such, a ‘Goldilocks zone’ for post-damage muscle inflammation and
repair that may be achieved when oestrogen levels are ‘normal’ and not supraphysiological, as
often used in experimental models, was proposed by Tiidus (2018). Further, faster recovery of
muscle force concurrent with an augmented inflammatory response was demonstrated by Le
and colleagues (2018) in ovariectomised mice under conditions of ‘normal’ oestrogen, relative
to ‘low’ oestrogen. While these data support an optimal level of oestrogen for inflammatory-
mediated muscle repair, other indices of muscle repair, such as satellite cell proliferation, may

be augmented with supraphysiological levels of oestrogen (Mangan et al., 2014).

Several rodent studies have demonstrated a role of oestrogen in the post-damage activation and
proliferation of skeletal muscle satellite cells (Collins et al., 2019; Enns et al., 2008; Enns &
Tiidus, 2008; Mangan et al., 2014; Thomas et al., 2010; Velders et al., 2012). In one such study,
ovariectomised rats were subjected to downhill running exercise with or without prior

oestrogen supplementation. Exercise increased the number of myofibres containing activated
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and proliferating satellite cells and these numbers were augmented with oestrogen treatment
(Enns & Tiidus, 2008). Others have observed loss of satellite cells with oestrogen deficiency
and inhibition of oestrogen receptors (ER) (Collins et al., 2019). ER-a and ER-P are thought to
be mechanistically involved in the oestrogenic activation of satellite cells (Thomas et al., 2010;
Velders et al., 2012). The exact signalling pathways by which oestrogen communicates with
satellite cells are currently unknown, though the PI3-K pathway was placed by Mangan et al.
(2014) as a central link between oestrogen and satellite cell activation.

A direct link between oestrogens and satellite cell activation has not yet been established in
humans. Importantly, the nuclei expression of ER-a in human skeletal muscle was shown by
Wiik and colleagues (2008) to not be a factor governing sex differences in satellite cell
activation. Due to the methodological constraints of isolating the effects of oestrogen, a
comparison of the muscle fibre satellite cell content between sexes and across different age
groups may be used as a proxy. Cross-sectional analyses have found the number of satellite
cells per muscle fibre of males and females of the same (Kadi et al., 2004) or different (Roth
et al., 2000b) age to be comparable. The muscle satellite cell pool may diminish with age (Kadi
etal., 2004; Renault et al., 2002), such that type Il muscle fibres can contain 24% fewer satellite
cells in older adults (250 y) compared to young (18-49 y) (Verdijk et al., 2014). However,
others have refuted an age-dependent loss of satellite cells (Dreyer et al., 2006; Roth et al.,
2000y), which suggests that age-related changes in the sex steroid hormone milieu are not
responsible for changes in satellite cell content. Unfortunately, most studies of this nature have
not measured sex steroid hormone concentrations and so an indirect relationship with satellite
cells cannot be inferred. Nonetheless, current data does not firmly suggest a sex- or an age-
dependent activation of satellite cells within human skeletal muscle; indicating that post-injury

muscle repair processes are similar between males and females.

Overall, whether sex differences exist in skeletal muscle damage and repair remains debatable.
In animal models, female rodents typically suffer less muscle damage — likely due to an
oestrogen-mediated attenuated increase in sarcolemma permeability — whereas the same
response is less clear in humans. Varied EIMD responses between males and females and
between females of different oestrogen status have been reported, which may be owing to
limitations in methodological design. Oestrogens seem to enhance the repair of rodent muscle
by reducing inflammation and stimulating satellite cell activation and proliferation; though in
humans, there are no established effects of oestrogen nor sex on inflammatory events, satellite

cell activation, or functional markers of muscle repair. Herein, sex comparative and sex-
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specific research has been drawn upon where available; however, a paucity of female-focussed
research has been highlighted and hence, justification for the need for female inclusive research

IS next provided.

2.4.0. Exercise Physiology and Nutrition Research with Females

Sport and exercise science research has heavily underrepresented female populations, who
since 2014, comprised only 34% of research participants (Cowley et al., 2021). Nevertheless,
the outcomes and practical recommendations derived from these studies are often assumed to
be applicable to both sexes, which is likely, in many cases, a false assumption. Without research
conducted with both sexes or replicated in females, it cannot be known whether the outcomes
of current studies conducted with males can be extrapolated to females. Due to the
physiological sex differences (Figure 2.4) that primarily stem from sex steroid hormone
dissimilarities (see Table 2.1 for a summary of the functions and normal ranges of sex
hormones in males and females), it is unlikely that females will always respond comparably to
males to nutrition and exercise stimuli. Females who adhere to nutrition and training guidelines
stemming from research conducted with males may not reach their true potential, be that
exercise performance, body composition adaptations, or general health. It follows that more
high-quality female-focussed research, based on the current guidance for standards of practice
for research with female participants (Elliott-Sale et al., 2021), is required to generate sex-
specific nutrition and exercise recommendations.

Based on the currently available research using female participants, it is challenging to draw
consensuses on topics due to inconsistencies in methodology and terminology, particularly
relating to hormonal status (Cable & Elliott, 2004). Throughout the lifespan, females
experience acute and chronic hormonal changes owing to the MC, HC use, HRT, pregnancy,
and menopause, which influence several biological systems and processes [e.g. reproductive,
vascular, nervous, skeletal, cardiovascular, immune, and metabolism (Boss et al., 2014;
Hackney et al., 1994; Isacco et al., 2012; Sipila et al., 2020; Somani et al., 2019; Wierman,
2007; Wright & Badia, 1999)] as well as physiological responses to exercise, as detailed in
sections 3.4.3. and 2.4.5. However, research conducted with females has often failed to control
for or report details of hormonal status, which can result in the grouping of non-homogenous
participants and great variability between studies (Elliott-Sale et al., 2021). When researching
females, it is therefore important to adapt study designs to accommodate these hormonal

fluctuations (e.g. obtain measurements during the same MC phase within and between
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participants), and to consistently define study samples based on hormonal status (e.g. pre, peri,
or post- menopausal). Such uniformity will help inform nutrition and exercise
recommendations and increase the confidence in which these recommendations can be applied

to female sub-groups.
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Figure 2.4. Physiological differences in females relative to males.

Arrows indicate that the variable is greater/more (1),lower/less (|), or similar (<) in females compared
with males. RT = resistance training; MC = menstrual cycle; ACL = anterior cruciate ligament; CHO
= carbohydrate. Data from: Ansdell et al. (2020); Delmonico et al. (2005); Devries (2016); Dominelli
et al. (2019); Dominelli et al. (2018); Hunter (2016); lvey et al. (2000); Karastergiou et al. (2012); Lin
et al. (2018); Makovey et al. (2005); Martel et al. (2006); Miller et al. (1993); Miller et al. (2006);
Mong & Cusmano (2016); Nielsen et al. (2003); Roberts et al. (2020); Roepstorff et al. (2006); Rosa-
Caldwell & Greene (2019); Staron et al. (2000); Wickham et al. (2021); Wiecek et al. (2017); Zeller et
al. (2003).
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Table 2.1. Sex steroid hormones — functions, normal ranges, and consequences of deficiency

Site of
production /
release

Functions

Normal ranges

Consequences of deficiency

Sex steroid
Sex
hormone
Females
Oestrogens
(oestradiol, oestrone
and oestriol)
Males
Females
Progesterone
Males

Ovaries and

adipose tissue

Testes (20%),
conversion from
testosterone, and

adipose tissue

Ovaries and
adrenal glands

Testes and
adrenal glands

Maintain sexual function and secondary sex
characteristics; aid energy homeostasis;
potential role in reducing muscle damage
and inflammation; aid muscle repair by
activation and proliferation of satellite
cells; involved in gene transcription
regulation; maintain endothelial and bone
health (reduce osteoclast activity)

Help modulate energy homeostasis;
required for fluid resorption by efferent
ductule epithelium; maintains sperm

structure and motility

Thermoregulation; modulates LH secretion;
energy metabolism; promotes gene
transcription of reproductive organ

proteins; aids neurotransmitter function;
essential for healthy pregnancy; mediates
endometrium maturation; neurosteroid and
interacts with GABA receptors to influence

mood and cognition

Testosterone production; bone

development; blood glucose regulation;

15-350 pgemL™*
premenopausal

<40 pg'mL'1
postmenopausal

3.6-91 pgemL™*

<1-35 ngemL™*

100-300 ngemL™*
during pregnancy

0.13-0.97 ngemL™*

Impaired skeletal maturation
and lowered bone mass and
mineral density (due to
increased osteoclast activity);
endothelial dysfunction
(increased CVD risk)

Impaired skeletal maturation
and lowered bone mass and
mineral density; reduced
epithelial height and impaired
fluid reabsorption at the
efferent ducts

Oligo-/amenorrhoea; reduced
fertility; symptoms of
depression/anxiety; impaired
blood glucose regulation

Fatigue; poor muscle
development; sexual
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Females
Testosterone
Males
Females
Luteinising
hormone (LH)
Males

Ovaries (25%),
adrenal cortex
(25%), and
conversion from
androstenedione
(50%)

Testes (95%) and
adrenal glands
(5%)

Anterior pituitary
gland

Anterior pituitary
gland

thyroid hormone production; energy
metabolism

Maintain sexual function; support
endothelial and arterial function; offer
neuroprotective and anti-inflammatory

effects in the brain; support
musculoskeletal health

Maintain sexual and reproductive function,
muscle mass, and bone mineral density;
precursor to oestradiol and 5a-
dihydrotestosterone; inhibits GnRH, LH
and FSH secretion via negative feedback

Released in response to the pulsatile release
of GnRH; stimulates the release of steroids
from the ovaries; stimulates ovulation and
the release of progesterone; essential for
ovarian follicle growth

Released in response to the pulsatile release
of GnRH; stimulates Leydig cells to
produce testosterone

15-70 ngedL™?

>300 ngedL™
Total

>65 pgemL™*
Free

0.6-56.6 TUsL*

14.2-52.3 TU-L™*
postmenopausal

1.2-7.8 TU-L?

dysfunction; increased
prostate cancer risk

Reduced bone mineral
density; potentially increased
risk of cardiovascular disease;

polycystic ovary syndrome
(when too high)

Impaired sexual function;
muscle atrophy; increased
adiposity; osteoporosis; hair
loss; increased comorbidity
risk

Impaired sexual maturation;
oligo-/amenorrhoea;
infertility

Decreased androgen
production; reduced
spermatogenesis; impaired
sexual maturation; high
concentration indicates
hypogonadism
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Released in response to the pulsatile release 45215 UL~

Anterior pituita of GnRH; stimulates the release of steroids Delayed/incomplete sexual
Females P Y from the ovaries; promotes the conversion 1 maturation; oligo-
gland 25.8—-134.8 TU-L . -
Follicle stimulating of androgens to oestrogens; necessary for | /amenorrhoea; infertility
follicular growth postmenopausa
hormone (FSH) ] )
Released in response to the pulsatile release laved |

P ot : Delayed sexual maturation;
Anterior pituita of GnRH; stimulates the Sertoli cells to ) .
Males priuiary 1.5-12.4 TUsL* high plasma concentration

gland support spermatogenesis; necessary for

i indicates hypogonadism
follicular growth

Premenopausal females refer to post-menarche adults (=18 y),; males refer to adults (=18 y); CVD = cardiovascular disease; LH = luteinising hormone; GABA
= gamma-aminobutyric acid; GnRH = gonadotropin-releasing hormone; FSH = follicle stimulating hormone. Data from: Cooke et al. (2017); Davis & Wahlin-
Jacobsen, (2015); Decaroli & Rochira (2017); Enns & Tiidus (2010); Honour (2018); Israel & Schneller (1950); Livingston et al. (2017); McGee & Hsueh
(2000); Mohamad et al. (2016); Oettel & Mukhopadhyay (2004); Rariy et al. (2011); Somani et al. (2019); Sowers et al. (2001); Taraborrelli (2015); Vaananen
& Harkonen (1996); Vanderschueren et al. (2014).
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2.4.1. Hormonal Fluctuation in Premenopausal Females

The adult female lifespan may be divided into two key stages based on reproductive status, i.e.
premenopausal and postmenopausal. Menopause, as defined by the absence of menses for 12
months, is triggered by the loss of ovarian function and typically occurs between the ages of
40 and 60 years (Honour, 2018). There are notable differences in the hormone profiles of
females during these life stages, due to dramatic changes in sex steroid hormones during
menopause (Al-Azzawi & Palacios, 2009). Specifically, postmenopausal females secrete lower
concentrations of oestrogen and progesterone and higher concentrations of follicle stimulating
hormone (FSH) compared to premenopausal females (see Table 2.1 for concentration ranges).
As such, females with different menopausal status can experience variances in, for example,
thermoregulation, energy metabolism, body composition, and adaptations to exercise
(Bondarev et al., 2018; Charkoudian & Stachenfeld, 2016; Greendale et al., 2019; Isacco et al.,
2012; Sowers et al., 2007). Likewise, the hormone milieu changes during pregnancy and
lactation, which too can alter several physiological processes (Suresh & Radfar, 2004). It is
beyond the scope of this review to discuss hormonal fluctuation and its physiological impact
during all stages of the female lifespan. Therefore, unless specified, the term ‘female’ here

refers to non-pregnant, non-lactating, premenopausal females.

2.4.2. The Menstrual Cycle

The female MC can be divided into 2—7 phases. Basic categorisation differentiates the follicular
phase from the luteal phase, which are separated by the periovulatory phase and may be sub-
divided into early, mid, and late phases (Elliott-Sale et al., 2021). While there is interindividual
variability in the duration of each phase and total MC length (Fehring et al., 2006), the
characteristics of each phase are, for the most part, common between eumenorrhoeic females.
The onset of menstruation marks day one of the MC, which occurs in the early-follicular phase
(days 1-4) and is associated with elevated secretion of FSH and low concentrations of
oestradiol, progesterone, and luteinising hormone (LH) (Owen, 1975). During the late-
follicular phase (days 5-11), plasma oestradiol and LH concentrations rise, while progesterone
remains low. There is a surge in LH that triggers ovulation on day ~14 or 15 of the MC, during
the periovulatory phase (days 12-15). Oestradiol concentration peaks during ovulation and
remains heightened into the luteal phase (days 16-28), while LH and FSH return to normative

levels (Fehring et al., 2006; Owen, 1975). In the early-luteal phase, progesterone concentration
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surges, then subsides alongside oestradiol during the late-luteal phase, which triggers
menstruation and the start of a new MC (Owen, 1975).

2.4.3. The Menstrual Cycle and Response to Exercise

Exercise performance and acute responses and chronic adaptations to exercise may be
influenced by the MC, which can be examined through phase-based training, whereby exercise
is performed predominantly in one MC phase. The systematic review with meta-analysis (n =
78 studies) by McNulty and colleagues (2020) investigated the impact of MC phase on
endurance and resistance exercise performance. The authors concluded that exercise
performance may be trivially impaired during the early-follicular phase (when oestrogens and
progesterone are low) relative to all other MC phases. However, the studies included were
mostly of low quality and vastly heterogenous, and so pooling of these data may not have been
appropriate. Further, the overall effect size (ES) was very small (-0.06 [-0.16, 0.04]) and there
were an equal number of studies significantly in favour of the early-follicular phase (n = 6) and
other phases (n = 6). While the potential for exercise performance to be reduced during the
early-follicular phase may have implications for elite athletes, it is unlikely relevant for

recreational exercisers.

Exercise performance is perhaps not influenced by MC phase directly, but rather is a secondary
consequence of hormonal fluctuation impacting other physiological processes. For instance,
progesterone has thermogenic properties (Israel & Schneller, 1950) and the surge in
progesterone release during the early-luteal phase triggers a ~0.4 °C rise in resting core body
temperature (Coyne et al., 2000; Kattapong et al., 1995; Parry et al., 1997; Zhang et al., 2020),
which can subsequently elevate resting energy expenditure (Bisdee et al., 1989; Pelkman et al.,
2001; Solomon et al., 1982). However, the exercise-induced increase both in core and skin
temperature is greater during the follicular phase compared to the luteal phase (Grucza et al.,
1993), which may have implications for perceived exertion and exercise performance.
Furthermore, it is possible that the negative symptoms often experienced during menstruation
[e.g. abdominal pain, headache, backache, fatigue, psychological changes (Schoep et al.,
2019)] may hinder females in reaching their maximum potential during assessments of exercise
performance. Therefore, hormonal fluctuation during the MC may impact exercise
performance indirectly via other hormone-regulated processes, which should be considered and

controlled for where possible.
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It has been suggested that during low-oestrogen phases of the MC, females may be more
vulnerable to acute EIMD (Romero-Parra et al., 2021,), which has been attributed to the
protective effects of oestrogen on muscle cell membranes (Amelink & Bér, 1986; Amelink et
al., 1990; Bér et al., 1988; Clarkson & Sayers, 1999; St. Pierre Schneider et al., 1999; Tiidus,
2003) (see section 2.3.5). In their meta-analysis (n = 19 studies), Romero-Parra et al. (2021.)
demonstrated that during low-oestrogen phases (early-mid-follicular) females reported more
severe post-exercise muscle soreness and suffered greater reductions in strength than during
high-oestrogen phases (mid-luteal). Post-exercise [CK] was not influenced by MC phase,
which suggests that oestrogen does not help maintain muscle cell membrane integrity.
However, of the 19 studies included, 12 studies were not specifically designed to examine
EIMD between different MC phases and hence only reported data obtained during one MC
phase. This reason, as well as the varied training statuses of participants, likely contributed to
the large heterogeneity observed in the meta-analysis. Further research that compares across
multiple MC phases is needed to confirm the impact of hormonal fluctuation on EIMD.
Although, owing to the strong evidence of oestrogenic protective effects on muscle damage in
rodents (Amelink & Bér, 1986; Amelink et al., 1990; Bér et al., 1988; Clarkson & Sayers,
1999; St. Pierre Schneider et al., 1999; Tiidus, 2003), it seems wise to consider hormonal status

when conducting EIMD research with humans.

Chronic training adaptations, such as skeletal muscle hypertrophy and strength gains, also may
be influenced by the MC. Oestrogen possesses anabolic properties (Hansen, 2018) and in this
regard, the anabolic potential of skeletal muscle may be heightened when oestrogen secretion
is dominant in the late-follicular phase. Accordingly, the acute anabolic response to 1 h of
unilateral leg Kkicking exercise (67% maximum workload) performed by untrained
eumenorrhoeic females either in the follicular or luteal phase was documented by Miller and
colleagues (2006). Exercise in both phases triggered comparable increases in the synthesis rates
of muscle collagen and myofibrillar protein, indicating that progesterone does not increase
acute protein catabolism, as previously suggested (Kriengsinyos et al., 2004; Lamont et al.,
1987; Lariviere et al., 1994). However, over time, progesterone may influence muscle protein
accretion, as differences in muscle hypertrophic adaptations with phase-based training have
been revealed (Thompson et al., 2020). For instance, performing several months of leg-based
resistance training during the follicular phase (when progesterone is low) resulted in greater
enlargement of muscle cross-sectional area and superior strength gains compared to when
luteal-based (Sung et al., 2014; Wikstrom-Frisén et al., 2017) or regular (Reis et al., 1995)
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resistance training was performed. Conversely, equal strength gains and hypertrophy of the
elbow flexor muscles following 12 weeks of follicular- or luteal- based resistance training were
reported by Sakamaki-Sunaga et al. (2016). Therefore, it cannot be confirmed whether phase-
based training is advantageous to resistance exercise adaptation. However, in a real-world
setting, the feasibility and practicality of phase-based training may be questioned and limiting
exercise conduct to approximately half of the month could interfere with other benefits of

exercise, for example weight loss.

At this stage, it is unclear whether the MC can significantly affect exercise performance, EIMD,
or training adaptations. Notwithstanding, given the known fluctuations in sex steroid hormones
across the MC, it is regarded important to document and consider the MC phase in which
primary measures are conducted in female participants. Future exercise physiology research
with methodological considerations for females (Elliott-Sale et al., 2021) may help establish
whether the MC is contributing to sex differences in the responses to exercise and nutrition

stimuli.

2.4.4. Hormonal Contraceptives

Hormonal contraceptives are used by almost 50% of athletic and non-athletic female
populations, with the oral contraceptive pill (OCP) being the most preferred method (Martin et
al., 2018). Hormonal contraceptives provide exogenous synthetic progesterone (progestin)
alone or in combination with synthetic oestrogen (ethinyl oestradiol), which consequently
alters the sex steroid milieu; downregulates the hypothalamic-pituitary-ovarian axis via a
negative feedback loop; and interferes with the natural MC (Elliott-Sale et al., 2020). Hormonal
contraceptives are typically used for 21 days (active phase), followed by 7 withdrawal days
(withdrawal phase), thereby creating “pseudo phases” that mimic a natural MC (Rechichi et
al., 2009). During the active phase, HCs provide a constant rate of oestradiol and progestin
(monophasic); constant rate of oestradiol and varied rate of progestin (biphasic); or varied rates
of oestradiol and progestin (triphasic). Hormonal contraceptives prevent ovulation by
supressing the follicular phase rise in endogenous oestrogens, LH, and FSH (Pelkman et al.,
2001; Steward et al., 2016). Therefore, HC users have lower levels of endogenous oestrogens
and progesterone compared to naturally menstruating females (Fleischman et al., 2010). The
exogenous supply of progestin provided by HCs can interfere with thermoregulation
(Kattapong et al., 1995; Rogers & Baker, 1997; Wright & Badia, 1999), resting energy
expenditure (Cagnacci et al., 2006; Pelkman et al., 2001; Steward et al., 2016), exercise
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performance (Elliott-Sale et al., 2020), and body composition changes in response to exercise
training (Myllyaho et al., 2018; Romance et al., 2019). Therefore, it is important to consider
HC use, including the type of HC, in exercise physiology research and it may be pragmatic to

subgroup or test for differences between HC users and non-users.

2.4.5. Hormonal Contraceptives and Response to Exercise

The impact of OCP use on endurance and resistance exercise performance was systematically
reviewed by Elliott-Sale and colleagues (2020). Exercise performance during the early-
follicular phase of naturally menstruating females and the pseudo-early-follicular phase (i.e.
OCP withdrawal week) of OCP users was compared in a meta-analysis (n = 18 studies). A
small overall effect (0.18 [-0.02, 0.37]) was found in favour of naturally menstruating females
over OCP users for exercise performance, irrespective of exercise type, with no individual
study reporting significant effects. Comparing all other natural MC phases (days 6-28) with
OCP consumption days (8-28) produced a very small overall effect (0.13 [-0.05, 0.28]; n = 24
studies) in favour of naturally menstruating females. These outcomes suggest that OCP use
does not drastically lower exercise performance, although these data may be subject to bias, as
83% of the included studies were rated as very low-moderate quality. Furthermore, the impact
of other forms of HCs, which can provide varied amounts of exogenous hormones, on exercise

performance has not been reviewed to date.

Due to their impact on the female hormone milieu, HCs can alter acute muscle damage
responses to exercise (Thompson et al., 2020). Several studies have examined the muscle
damage response to exercise performed in the early-follicular phase of the MC (low oestrogens
and progesterone) in naturally menstruating females compared with the pill withdrawal phase
(low exogenous oestradiol and progestin) in habitual OCP users. For instance, 48-72 h
following a series of unilateral eccentric elbow flexions, isometric MVC was reduced to a
greater extent in untrained OCP users than non-users (Savage & Clarkson, 2002). Likewise, it
was found by Mackay et al. (2019) that untrained females who habitually used OCPs suffered
a 15-18% greater loss of maximal isometric strength 72-96 h after high-intensity eccentric
cycling performed during the pill withdrawal phase (day 1-2) compared with naturally
menstruating females during the early-follicular phase (day 1-2). These observations indicate
that the higher secretion of endogenous oestrogens in naturally menstruating females relative
to OCP users may exert protective effects against muscle function following EIMD, although
this is not always the case (Hicks et al., 2017; Minahan et al., 2015).
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OCP users appear to be at increased risk of cell membrane disruption following muscle
damaging exercise (Hicks et al., 2017; Minahan et al., 2015; Roth et al., 2001). Recreationally
active, naturally menstruating females experienced attenuated CK activity succeeding leg-
based eccentric resistance exercise performed during the early-follicular (Minahan et al., 2015;
Roth et al., 2001) or ovulatory (Hicks et al., 2017) phase compared with the hormonally-
equivalent OCP phases. These studies reported higher serum concentration of oestrogens in the
naturally menstruating females than OCP users, which supports previous observations of
oestrogenic effects on membrane stability (Amelink & Bér, 1986; Amelink et al., 1990; Bar et
al., 1988; Clarkson & Sayers, 1999; St. Pierre Schneider et al., 1999; Tiidus, 2003). However,
when the CK response to eccentric back squat exercise was examined in resistance trained
females during different OCP cycle phases, [CK] elevations were greater during the OCP
withdrawal phase (~day 4; low exogenous oestradiol) compared with the active phase (~day
12; high exogenous oestradiol) (Romero-Parra et al., 2021p). Given that post-exercise
elevations in serum myoglobin and lactate dehydrogenase were indifferent between groups, the
observed CK response is potentially due to intraindividual variability (Chrismas et al., 2018)
and not to hormonal status. Furthermore, as found by Sim and colleagues (2015), hormonal
variation across the OCP cycle did not impact the increase in serum IL-6 in recreationally active
females following high-intensity treadmill running, indicating that OCP use does not affect

acute inflammatory responses to tissue injury.

The impact of HCs on exercise-induced muscle soreness is confounding. In the study by
Thompson et al. (1997), recreationally active habitual OCP users and non-users performed 50
min of bench stepping exercise during the pseudo-luteal and mid-luteal phases, respectively.
Forty-eight hours after exercise, the OCP users experienced attenuated soreness upon palpation
and movement of the quadricep muscles, but comparable soreness of the hamstring, glute, and
calf muscles, compared with OCP non-users. These findings are in agreement with Roth et al.
(2001) who documented lower resting muscle soreness in OCP users, though in disagreement
with Mackay et al. (2019) who observed higher muscle soreness during bodyweight squat and
delayed recovery of PPT in OCP users. Additionally, several others have reported no
differences in exercise-induced muscle soreness between OCP users and non-users (Hicks et
al., 2017; Savage & Clarkson, 2002) and between OCP active and withdrawal phases (Romero-
Parra et al., 2021p). At this stage, it cannot be ascertained whether hormonal variability due to

HC use impacts the muscle soreness response to exercise.
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Overall, naturally menstruating females may suffer less EIMD than OCP users, which is
potentially due to endogenous oestrogens exerting protective effects on skeletal muscle.
However, there is currently not enough evidence to suggest that OCP use is detrimental to
muscle health and recovery following exercise. The limited studies conducted to date have
investigated several different MC and OCP phases, with use of a range of OCP types, in diverse
female populations; thus, it is unsurprising that outcomes are inconsistent. Furthermore, the
impact of other forms of HCs (e.g. implant, intrauterine devices, injections, rings), which can
provide varied amounts and combinations of hormones, on EIMD is unknown. If, upon further
research, significant differences in EIMD between HC users and naturally menstruating
females are identified this may broaden differences between sexes. Therefore, it is important
to consider and report HC status, especially when comparing females with males.

Hormonal contraceptives have shown to limit the anabolic potential of skeletal muscle (Hansen
et al., 2008; 2009; 2011), which could have implications for chronic training adaptations, such
as muscle hypertrophy and strength improvement. Compared to naturally menstruating females
during the early-follicular phase (low oestrogen and progesterone), OCP users in the active
phase had significantly lower synthesis rates of tendon and muscle collagen and a blunted
increase in collagen synthesis rate in response to exercise stimuli (Hansen et al., 2009). These
authors later demonstrated that resting and post-exercise fractional synthesis rates of
myofibrillar proteins also are inhibited by OCP use (Hansen et al., 2011). The anabolic
response was dependent on the OCP type, with a higher provision of oestradiol (35 vs 30 ug)
being associated with superior protein anabolism. These findings suggest that the supply of
synthetic hormones and consequent reduction in endogenous hormone secretion downregulates
the muscle protein synthetic machinery; although, whether this translates to blunted muscle

adaptation over time is less clear.

To determine the effect of HCs on chronic exercise adaptation, several studies have compared
changes in body composition and muscle function outcomes between HC users and non-users
during exercise intervention. Muscle adaptations during 10 weeks of leg-based progressive
resistance training were examined by Dalgaard et al. (2019) in untrained naturally menstruating
females and habitual OCP users. Exercise training induced comparable increases in dynamic
and isometric muscle strength and muscle tendon cross-sectional area in both groups. However,
the enlargement of muscle cross-sectional area was superior to naturally menstruating females
only in OCP users receiving a larger daily dose of oestradiol (30 vs 20 ug). This difference was

predominantly due to a significant enlargement of type | muscle fibres in OCP users, which
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remained unchanged in non-users during the intervention. These data imply that OCPs
supplying higher amounts of oestradiol (30 pg) impact training-induced muscle hypertrophy
in a fibre-type dependent manner. Nonetheless, it should be noted that Dalgaard et al. (2019)
did not control for MC or OCP phase (i.e. hormonal status) in their measurements. Also, the
OCP users had a significantly higher daily protein intake relative to body mass than the
naturally menstruating females, which is known to enhance muscle hypertrophic responses to
resistance training (Longland et al., 2016). Due to these confounding factors, the influence of
OCP use on exercise adaptations cannot be confirmed by this study. Conversely, resistance
trained females were prescribed a high protein diet [2 grams per day per kilogram of body mass
(gedtekgBM™)] alongside 4 dewk™* of whole-body resistance training for 8 weeks by Romance
et al. (2019). Habitual OCP (mono- or tri- phasic) users were assessed for muscle function and
dual-energy X-ray absorptiometry (DXA)-derived body composition during the active pill
phase, while naturally menstruating females were assessed during the late-follicular phase at
baseline and post-intervention. The improvement in dynamic strength was unaffected by OCP
use, although total body mass and fat-free mass (FFM) were increased to a greater extent in
OCP users than non-users. In contrast, body composition did not change during 10 weeks of
high-intensity combined strength and endurance training in recreationally active females using
a range of HCs (combined OCP, progesterone-only OCP, intrauterine device). Naturally
menstruating females experienced significant increases in lean body mass (LBM) and
reductions in percent body fat (BF%), though did not improve their isometric strength (~7%
vs. ~19%) or 3000 m running time as much as HC users (Myllyaho et al., 2018). Overall,
habitual HC use may (Dalgaard et al., 2019; Romance et al., 2019) or may not (Myllyaho et
al., 2018) enhance muscle hypertrophic adaptations to resistance training, and HC use
seemingly does not affect changes in muscle function, though further corroborating studies are

needed.

The current literature demonstrates that the use of HCs has little effect on exercise performance
but may worsen the decline in muscle function and cell membrane integrity associated with
EIMD. Moreover, HCs seem to blunt acute muscle anabolic responses to exercise, although
this does not appear to dampen chronic adaptations to training. However, body composition
responses to exercise and HC use can be affected by menstrual dysfunction, which highlights
the importance of assessing menstrual status. Overall, present research is limited by its low
quality and focus on the OCP with lack of attention to other forms of HCs that may alter

responses to exercise, and these should be investigated. Until the role of HCs in acute and
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chronic exercise responses is solidified, it is pragmatic to obtain information on HC status and
account for HC cycle phase as minimum research standards of practice.

2.5.0. Protein Metabolism and Dietary Protein

Proteins are essential compounds that perform crucial roles in the human body, which include
acting as enzymes, hormones, antibodies, and structural components of cells. Proteins,
therefore, are vital to overall health. Proteins are obtained through the diet in sources such as
meat, fish, eggs, and dairy (animal sources) as well as nuts, seeds, soy, and legumes (plant
sources). During the process of digestion, dietary proteins are broken down into their
constituent amino acids and, once absorbed and transported to various cells throughout the
body, are ultimately used to synthesise new proteins. Importantly, amino acids are involved in
the synthesis of skeletal muscle proteins and, by this means, aid muscle repair and regeneration

following exercise-induced muscle damage.

2.5.1. Skeletal Muscle Protein Metabolism

Skeletal muscle is a highly plastic tissue that undergoes constant remodelling and repair. The
constituent proteins of muscle tissue are continuously synthesised and broken down, termed
muscle protein turnover, which occurs at a rate of ~1-2% per day (Welle et al., 1994) with no
apparent differences between sexes (Rosa-Caldwell & Greene, 2019). However, the hourly
variation in muscle protein turnover rates ranges from 0.14-0.4% depending on activity status
and feeding status, i.e. fasted, postprandial, or post-absorptive. The daily net balance of muscle
protein is determined by the difference between rates of MPS and muscle protein breakdown
(MPB). If MPS exceeds MPB, muscle protein net balance will be positive, resulting in the
accretion of muscle protein and, if sustained, skeletal muscle hypertrophy. Conversely, if MPB
outweighs MPS, muscle protein net balance becomes negative and results in skeletal muscle
atrophy over prolonged periods (Tipton & Wolfe, 2001). Therefore, to maintain muscle protein
net balance, and by extension muscle mass, MPS must be stimulated sufficiently and

frequently.

The metabolic process of MPS is complex, though it can be divided into two primary processes,
namely transcription and translation. Briefly, transcription describes the formation of a new
MRNA molecule within the cell nucleus that contains the complimentary base pairs to the DNA

of the target protein. This information is then translated to the corresponding amino acids and

70



peptide bonds bridge the formation of a polypeptide — the primary structure of the newly
synthesised protein. These processes are tightly regulated by intracellular proteins, with those
involved at the stage of translation initiation being paramount to protein synthesis. The
mechanistic target of rapamycin complex 1 (mTORC1), an intracellular protein, serves as the
locus of control for translation initiation and is readily activated by nutrition and exercise
stimuli. Essential amino acids provide a robust stimulus for mTORC1 (Drummond &
Rasmussen, 2008) and without sufficient amino acid availability, protein synthesis is inhibited
(Wolfson & Sabatini, 2017). Leucine in particular is a potent stimulator of mTORC1-mediated
MPS in males (Atherton et al., 2017; Dreyer et al., 2008; Rowlands et al., 2015) and females
(Bukhari et al., 2015; Wilkinson et al., 2018) at rest and following exercise. Therefore,
maintaining a high availability of circulating amino acids, notably leucine, via sufficient and
regular dietary protein intake is imperative for MPS, net protein balance, and muscle mass
maintenance. The current recommendations for the type, amount, and frequency of dietary
protein required to optimally stimulate MPS are discussed later in this section.

Muscle protein synthesis also may be stimulated by resistance exercise. Resistance exercise
offers a strong stimulus for mTORCL1 activation (Drummond et al., 2009; Koopman et al.,
2007; Moore et al., 2011) though can also stimulate MPS through the activation of mitogen-
activated protein kinases (MAPK) (Moore et al., 2011; Williamson et al., 2003), which regulate
the initiation of mMRNA translation (Waskiewicz et al., 1999) and play key roles in protein
synthesis. The exercise-induced increase in MPS can be measured within an hour following an
acute bout of resistance exercise (Dreyer et al., 2008; Dreyer et al., 2006) and is sustained for
up to 24 h in trained individuals (MacDougall et al., 1995) and up to 48 h in untrained
individuals (Phillips et al., 1997) with no apparent sex differences (Dreyer et al., 2010; Miller
et al., 2006; West et al., 2012). Concomitantly, MPB is stimulated during recovery from acute
resistance exercise, although to a lesser extent than MPS (Biolo et al., 1995). Nevertheless,
without sufficient peri-exercise amino acid provision, muscle protein net balance will remain
negative (Biolo et al., 1995; Dreyer et al., 2008; Phillips et al., 1997; Pitkanen et al., 2003).
Protein consumption during exercise recovery attenuates MPB and increases MPS rates,
resulting in the accretion of muscle protein (Tipton et al., 1999). Accordingly, it was
demonstrated in the meta-analysis (n = 49 studies) by Morton et al. (2018) that protein
supplementation enhances resistance training-induced gains in FFM, muscle fibre cross-
sectional area, and dynamic strength. As such, the combination of resistance training and

dietary protein ingestion provides optimal conditions for skeletal muscle adaptation.
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2.5.2. Dietary Protein Recommendations — Dose, Timing, and Type

The current recommended dietary allowance stipulates 0.8 ged'skgBM™ of protein be
consumed to maintain muscle protein daily net balance, with increased requirements (1.6-2.2
gedskgBM1) for highly active or athletic populations (Morton et al., 2018; Witard et al., 2019)
or during physiological perturbation, such as energy deficiency (Hector & Phillips, 2018) or
muscle injury recovery (Tipton, 2015). Where possible, protein recommendations should be
met through a food first approach, whereby an individuals’ dietary intake majorly comes from
whole foods and less so from isolated food components or supplements. The food first
approach, while not always appropriate (Close et al., 2022), aids the achievement of other daily
nutrient targets, including micronutrients and fibre, and reduces safety risks linked to
supplement contamination and adverse effects (Maughan et al., 2018). The current protein
intake recommendations for exercising individuals (Table 2.2.) stem from research on the acute
MPS and chronic muscle responses to various protein feeding protocols, which have
manipulated the type, dose, frequency, and timing of protein intake.

Protein Dose
A dose-response relationship between protein intake and MPS stimulation following resistance
exercise was demonstrated in trained males by Moore and colleagues (2009). These authors
showed that the anabolic response to a post-exercise dose of egg protein was greater with 20 g
of protein relative to 0 g, but indifferent between 20 and 40 g doses. The ingestion of 40 g of
protein was associated with increased leucine oxidation, which suggests that consuming >20 g
of protein post-exercise does not confer additional benefits to MPS rates. Corroborating data
by Witard et al. (2014) failed to show an anabolic advantage of ingesting 40 g of whey protein
isolate relative to 20 g following resistance exercise in trained males. Again, the 40 g protein
dose induced greater oxidative amino acid catabolism, supporting a threshold in the muscle
protein synthetic machinery. However, a later study reported a ~20% higher fractional
synthesis rate of myofibrillar proteins when double the amount of whey protein (40 vs 20 g)
was consumed post-exercise by trained males (Macnaughton et al., 2016). The key difference
between the works of Moore, Witard, and Macnaughton is the former two studies utilised a
leg-based resistance exercise protocol, whereas the latter study incorporated whole-body
resistance exercise. These data suggest a relationship between the number of muscle groups
engaged during exercise and the amount of protein required to support muscle anabolism.

Substantiating data comes from Holwerda et al. (2019) in which older males performed a single
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bout of whole-body resistance exercise then ingested either 0, 15, 30, or 45 g of intrinsically
labelled milk protein. Higher rates of myofibrillar protein synthesis were stimulated following
the ingestion of the larger protein doses (30 and 45 g) relative to 0 g, and whole-body muscle
protein positive net balance occurred in a dose-dependent manner. A dose-response
relationship of protein ingestion and MPS rates following resistance exercise has not yet been
investigated in females. Due to the various sex differences in skeletal musculature, body
composition, and responses to exercise (see section 2.4.0.), females may have different post-
exercise protein requirements to males; albeit an individuals’ LBM seemingly does not impact
the MPS response to protein and exercise stimuli (Macnaughton et al., 2016). To summarise,
studies to date have indicated that, in males, varied doses (20-45 g) of dietary protein are
required post-exercise depending on the type of resistance exercise performed, i.e. whole-body

or isolated muscle groups, with future study required in females.

Protein Timing
The optimal timing of protein ingestion to maximise exercise adaptations is currently not well
defined. The landmark study by Areta and colleagues (2013) used stable isotope tracer
methodology to highlight the importance of daily protein distribution. Here, 80 g of whey
protein isolate was ingested by young, resistance trained males in a bolus (2 x 40 g),
intermediate (4 x 20 g), or pulse (8 x 10 g) pattern over a 12 h post-exercise period. The
postprandial plasma aminoacidemia was highest following the ingestion of the bolus protein
dose, though only sustained (12 h) in the pulse feeding condition. Nevertheless, the
intermediate feeding pattern elicited the greatest increase in myofibrillar fractional synthesis
rate during resistance exercise recovery. So, to enhance daily rates of MPS in exercising males,
the consumption of ~20 g doses of high-quality protein at regular intervals (~every 3 h)
throughout the day is recommended. Research of this kind is yet to be undertaken in females;
however, protein feeding pattern did not impact whole-body protein turnover in non-exercising
females consuming a high protein (1.7 ged!ekgFFM™) diet. Conversely, postmenopausal
females benefitted from consuming ~60% of daily protein intake at one meal rather than spread
throughout the day (Arnal et al., 1999; 2000), indicating an age-related response. Examination
of protein metabolic responses to dietary protein distribution in exercising females would help

inform sex-specific recommendations for daily protein intake timing.

There has been a greater wealth of research focussed on peri-exercise, as opposed to daily,

protein intake timing. Protein may be consumed before (Tipton et al., 2001), during (Beelen et
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al., 2008), or after resistance exercise to support MPS and initiate muscle repair processes.
Nonetheless, it is agreed that the optimal anabolic environment for muscle adaptation is
provided when protein/amino acids are consumed closely after resistance exercise (Phillips &
van Loon, 2011), which may be particularly important for older adults (Esmarck et al., 2001).
The timing of protein feeding may also be relevant for chronic training adaptations, although
studies are limited. For instance, during a 10-week resistance training programme, male
bodybuilders were provided a creatine-enriched protein-carbohydrate supplement either pre-
and post- exercise or pre- and post- sleep. Those who received the supplement peri-exercise
experienced significantly larger gains in LBM, reductions in BF%, and increases in both squat
and bench press maximal strength (Cribb & Hayes, 2006). In contrast, a mixed-protein blend
provided to trained males in the same time pattern resulted in comparable between-group
adaptations for body composition and strength (Hoffman et al., 2009). These differences could
be linked to the anabolic properties of creatine monohydrate (Brose et al., 2003; Kaviani et al.,
2019), although the co-ingestion of protein and carbohydrate (Cribb & Hayes, 2006) closer
mimics a real-life mixed-meal. The impact of ingesting protein peri-exercise relative to other

times of day on exercise adaptations is not understood in females at present.

The importance of protein intake outside of the peri-exercise period, such as pre-sleep to
stimulate overnight muscle reconditioning, should not be ignored (Trommelen & van Loon,
2016). It was stressed by Beelen et al. (2008) that ingesting protein exclusively during or
immediately after an exercise bout performed in the evening is not sufficient to augment rates
of MPS during overnight sleep. Instead, protein consumption immediately before sleep may be
necessary to sustain elevated rates of MPS (Res et al., 2012; Trommelen et al., 2018), which
can be augmented when prior resistance exercise is performed (Holwerda et al., 2016;
Trommelen et al., 2016). Accordingly, it was proposed by Trommelen and van Loon (2016)
that protein should be consumed before sleep in addition to at each daily meal to increase total
daily protein intake and ensure frequent stimulation of MPS. The optimal dose of protein
required to stimulate overnight MPS is not yet established, though a dose-response is apparent.
Twenty grams of casein protein with or without additional (1.5 g) leucine consumed by older
males failed to increase myofibrillar fractional synthesis rate during overnight sleep relative to
placebo. Twice the casein dose (40 g) was required to induce overnight protein anabolism
(Kouw et al., 2017). Likewise, 40 g of casein protein was sufficient to increase overnight MPS
rates (Res et al., 2012) but 30 g was not (Trommelen et al., 2018) when consumed by younger

males. The higher pre-sleep protein requirements may be due to the prolonged time spent in a
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fasted state during sleep relative to in between meals during waking hours (i.e. 8 vs 4-5 h).
Nevertheless, it is unknown whether chronic pre-sleep protein ingestion translates to superior
muscular adaptations relative to when protein is consumed at other times of day. As such, acute
and longitudinal examination of muscle responses to incremental protein doses ranging 20—40
g from a variety of protein sources is required in both males and females to establish protein

recommendations for optimal overnight muscle reconditioning.

Protein Type
The amino acids required to support skeletal muscle reconditioning may be derived both from
animal and plant sources of dietary protein. Animal-based protein sources are deemed to
possess superior anabolic properties than plant-based protein sources and indeed, have shown
to stimulate higher rates of MPS at rest and following resistance exercise (Gorissen et al., 2016;
Tang et al., 2009; Wilkinson et al., 2007), though this is not always the case (Pinckaers et al.,
2021). The superior anabolic potential of animal-based relative to plant-based proteins has been
attributed to their greater bioavailability and higher essential amino acid content, particularly
leucine (Gorissen et al., 2018; van Vliet et al., 2015). Due to their lower quality, a greater
amount and/or variety of plant-based proteins at each feeding occasion may be required to
stimulate rates of MPS that are comparable to those measured following the ingestion of
animal-based proteins (Gorissen et al., 2016; Kouw et al., 2021). For instance, a 20-g protein
dose can be obtained through the consumption of 200 g of dairy yoghurt relative to ~500 g of
soya yoghurt, which may be impractical or cause gastrointestinal discomfort, especially close
to exercise or pre-sleep. Therefore, individuals striving to meet daily protein recommendations
through plant-based sources alone may benefit from supplemental sources of protein (e.g.
isolated pea, soy, rice, hemp, or blended protein) in line with the ‘food first but not always food

only’ approach (Close et al., 2022).

Protein sources differ in their rate of digestion and absorption, which too impacts the
postprandial MPS response. Quickly digestible proteins, such as whey, result in rapid but brief
postprandial plasma aminoacidemia, contrasted by the moderate but prolonged increase in
circulating amino acids when slowly digestible proteins, such as casein, are consumed
(Pennings et al., 2011). By this means, the ingestion of whey compared to casein protein
augments MPS rates in the early (<6 h) postprandial period both at rest and following resistance
exercise (Burd et al., 2012; Pennings et al., 2011; Tang et al., 2009). Whereas to raise MPS

rates for sustained periods (~8 h e.g. during overnight sleep), casein is the preferred option,
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though higher doses (~40 g) may be required (Kouw et al., 2017; Res et al., 2012; Trommelen
et al., 2018). Milk protein is a source of casein (80%) and whey (20%) and hence provides a
mixture of slowly and quickly digestible proteins. As such, several studies have investigated
whether milk protein ingestion can stimulate both rapid and sustained increases in MPS above
basal. For instance, resting MPS rates remained elevated by 86% 5 h after the consumption of
38 g of milk protein concentrate by young males (Van Vliet et al., 2019). Whereas the ingestion
of 20 g of milk protein concentrate by middle-aged males increased myofibrillar fractional
synthesis rate relative to basal for only 90 min with no superiority over the ingestion of 20 g
whey protein concentrate (Mitchell et al., 2015). Such disagreement might be due to the lower
protein dose or to an age-related decline in the anabolic response to amino acid provision
(Breen & Phillips, 2011). When the consumption of skimmed milk providing 18 g of protein
was preceded by a high-intensity bout of leg-based resistance exercise, mixed-muscle
fractional synthesis rate was elevated to a greater (34%) extent than when an isonitrogenous
and isoenergetic dose of soy protein was consumed by young, trained males. Further, milk
compared to soy protein ingestion better sustained positive net protein balance (Wilkinson et
al., 2007), which is needed for the accretion of protein within skeletal muscle. Milk protein
also has shown to be anabolically superior to carbohydrate ingestion following submaximal
running in trained males (Lunn et al., 2012) and comparable to whey and micellar casein
protein after concurrent exercise in recreationally active males (Churchward-Venne et al.,
2019). Therefore, milk protein can be considered an ideal protein source to be consumed at any
time of day, at rest or following multiple modes of exercise, to stimulate prolonged muscle
protein anabolism in male populations. The impact of milk protein ingestion on resting and

post-exercise MPS has not yet been examined in female populations.

Frequent and sufficient stimulation of MPS culminates in skeletal muscle fibre hypertrophy
and subsequently, an increase in total muscle mass and strength. The impact of chronic milk
protein ingestion on muscle adaptation has been considered in exercise training interventions.
The review by Phillips and colleagues (2009) identified that, across 9 studies (92.5% male
sample), the performance of 8-16 weeks of resistance training concurrent with the consumption
of milk protein induced similar increases in LBM compared with whey protein (2.7 vs 2.9 kg)
but greater increases than soy (1.4 kg) or carbohydrate (0.9 kg). Since this review, others have
provided support for the regular consumption of concentrated milk protein (30 g) (Pourabbas
et al., 2021) and fat-free Greek yoghurt (20 g) (Bridge et al., 2019) after resistance exercise

and pre-sleep for LBM and dynamic strength adaptations in young males, while others disagree
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(Rankin et al., 2004). Generally, these outcomes have demonstrated that the acute stimulation
of post-exercise MPS with milk protein (Churchward-Venne et al., 2019; Lunn et al., 2012;
Wilkinson et al., 2007) translates to chronic exercise adaptations with frequent milk protein
ingestion. Notwithstanding, the representation of females in this area of research has not greatly
improved over the past decade. For instance, 12 weeks of whole-body heavy (80% 1RM)
resistance training was completed by young, recreationally active females in the study by Josse
et al. (2009). Immediately and 1 h post-exercise, 18 g of protein in the form of skimmed milk
or an isoenergetic carbohydrate drink (0 g protein) was consumed. Greater increases in FFM
and reductions in fat mass were measured using DXA in the females who consumed milk.
Gains in dynamic strength for multiple exercises were comparable between supplement groups,
which is in line with previous observations from the study implemented in trained males by the
same authors (Hartman et al., 2007). It was later suggested by Josse and colleagues (2011) that
milk protein can enhance body composition during dietary- and exercise- induced weight loss.
For 16 weeks, aerobic and resistance training was performed by overweight/obese sedentary
females alongside 500 kcaled™* energy restriction. The diet comprised either 0.7, 0.8, or 1.3 ged
lekg? of protein with 1, 3-4, or 6-7 daily portions of dairy, respectively. Females who
consumed the most total protein and servings of dairy lost the greatest amount of fat mass and
BF%, while LBM was increased. However, even with an adequate protein intake (0.8 ged™*skg’
1), increased dairy consumption preserved LBM during total body mass reduction relative to
the low dairy diet. Therefore, it may not be the case that higher protein intakes are required
during energy deficiency, as currently recommended (Hector & Phillips, 2018), with instead

the source of protein being of importance for muscle mass retention and skeletal muscle health.

To summarise, current evidence suggests that individuals require 20-40-g doses of high-quality
protein at regular intervals throughout the day, with particular attention paid to the post-
exercise and pre-sleep period, to support skeletal muscle remodelling and adaptation. The
optimal protein dose may depend on the type of exercise performed, age, training status, and
possibly sex of the individual, and the time of day. A moderate dose (~20 g) of quickly
digestible protein (e.g. whey) is perhaps ideal when the period between feeding occasions is
brief (4-5 h), while a larger dose (~40 g) of slowly digestible protein (e.g. casein) is preferential
when the postprandial period is prolonged (>6 h). Convenience and feasibility likely impact an
individuals’ choices around protein intake. Occasionally, supplemental protein sources are
preferred, for instance to avoid large quantities of food consumption or excessive energy intake,

but where possible, protein should be predominantly obtained from whole-food sources. Future
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studies should confirm whether these protein intake recommendations are appropriate for
females via acute and longitudinal examination of female muscle responses to incremental

protein doses from multiple sources.

Table 2.2. A summary of protein intake recommendations for exercising individuals

Recommendation

Type e High-quality animal-based protein (e.g. milk, beef, egg) or plant-based protein
(e.g. soy, pea, wheat)
e Predominantly from whole-food sources

e Blending or enriching plant-based proteins can increase their anabolic potential

Dose e 20-40¢g
e A higher amount (~40 g) of single-source plant-based protein is likely required,

although a dose-response study has not been conducted

Timing e Every 3-4 h throughout the day
e Peri-exercise (post-exercise is optimal)

e Pre-sleep (preferably a slowly-digestible protein source [e.g. casein]; a higher dose

[~40 g] may be required)

Data from: Areta et al. (2013); Gorissen et al. (2016); Holwerda et al. (2019); Kouw et al. (2017,
2021); Macnaughton et al. (2016); Moore et al. (2009); Phillips & van Loon (2011); Trommelen &
van Loon (2016); Witard et al. (2014).

2.6.0. Resistance Exercise

Resistance exercise is a form of activity that causes muscular contraction against an external
resistance. Alone, or in combination with endurance-type exercise, resistance exercise presents
many health benefits not limited to: improving cardiovascular function (Fleck, 1988), aiding
the management of type Il diabetes (Eriksson et al., 1998), improving dynamic stability
(Anderson & Behm, 2005), reducing the risk of osteoporosis and sarcopenia (Beckwée et al.,
2019; Layne & Nelson, 1999), modifying body composition (Schoenfeld, 2010), and
enhancing psychological wellbeing (Kekéléinen et al., 2018). There are several intrinsic and
extrinsic variables that may influence both acute and chronic responses to resistance exercise,

and these can be manipulated to maximise exercise adaptations.

2.6.1. Extrinsic Variables and Training Adaptations
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The performance of repeated bouts of resistance exercise culminates in training adaptations,
i.e. increases in muscle mass and strength (Schoenfeld, 2010). Individuals unaccustomed to
resistance exercise can experience rapid adaptations, which typically plateau after several
months of training. Therefore, gradual increases in the physiological demands placed upon the
body during exercise — known as progressive overload — are required to ensure continual
improvement. Accordingly, several extrinsic variables of the exercise may be manipulated to
achieve progressive overload, being the absolute or relative intensity (load) of the movement;
the repetition tempo; the period of rest between sets and movements; the repetition number
within each set; and the total work volume (calculated as repetitions x sets x load). The severity
of adjustment of these variables is dependent upon the training experience and goals of the
individual. For instance, untrained individuals are recommended to utilise lighter loads, longer
rest periods, and lower training frequencies relative to experienced individuals. Current
resistance training guidelines are broadly divided into enhancing muscle strength and
hypertrophy, though may be tailored to increasing muscle power, local muscle endurance, and
motor performance (ACSM, 2009). A summary of the strength- and hypertrophy- based

training guidelines classified by training experience can be found in Table 2.3.

Table 2.3. A summary of resistance training guidelines for strength and hypertrophy adaptations

Training Training Load Repetition  Set Rest Concentric Exercise
type status (% 1RM)  number number  period movement frequency
(min) velocity (dewk™)
Strength Untrained 60-70% 1-6 1-3 2-3 Slow-moderate 24
Trained 80-100% 1-6 1-3 2-3 Slow-fast 4-6
Hypertrophy  Untrained  70-85%  6-12 1-3 1-2 Slow-moderate 24
Trained 70-100% 6-12 3-6 2-3 Slow-fast 4-6

Data from the American College of Sports Medicine and the National Strength and Conditioning
Association (ACSM, 2009; Sands et al., 2012).

Acute responses to the manipulation of extrinsic resistance exercise variables may be
quantified through the measurement of muscle protein turnover rates and EIMD, while chronic
responses can be interpretated by changes in muscle mass and strength. In particular, these
responses have been extensively studied following manipulation of resistance exercise load.
As discussed in detail in chapter 5, varying the load of resistance exercise is an effective
management strategy for EIMD, with lower exercise loads inducing less muscle damage, while
promoting comparable acute and chronic adaptations to exercise performed with higher loads.

The current training recommendations pertaining to exercise load are based on the notion that
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full motor-unit recruitment is required to stimulate increased rates of post-exercise MPS and,
by extension, training-induced muscle hypertrophy. The ‘size principle’ would stipulate that
low-load resistance exercise is capable of activating only the slower and lower force-producing
motor units, while failing to activate the faster, higher force-producing units (Henneman et al.,
1965). However, this ideology has been challenged by Burd and colleagues (2010), who
demonstrated that low-load resistance exercise (30% 1RM), when performed to volitional
failure, resulted in maximal motor unit recruitment. Subsequently, MPS rates were elevated to
a similar extent in the early (4 h post-exercise) recovery period and better sustained into the
late (21-24 h) recovery period following low-load relative to high-load (90% 1RM) resistance
exercise. The anabolic potential of low-load resistance exercise may be attributed to the high
total volume of work performed (Burd et al., 2010). Whether the transient elevation in MPS
rates stimulated by low-load resistance exercise translates into chronic adaptations of

comparable magnitude to high-load resistance exercise is still debated.

The most comprehensive review of training adaptations from resistance exercise of varied load
was presented by Schoenfeld and colleagues (2017.). The accompanying meta-analysis (n = 21
studies) revealed that training-induced adaptations significantly favoured high-load for 1RM
(ES: high-load = 1.69 % 0.23 vs. low-load = 1.32 £ 0.23; p = 0.003) but not for maximal
isometric strength nor muscle hypertrophy. Although there were insufficient studies to meta-
analyse data for the change in LBM, no significant differences between high-load (6-12 RM)
and low-load (20—-30 RM) exercise conditions were demonstrated for young, untrained males
(Au et al., 2017; Morton et al., 2016; Tanimoto et al., 2008) or females (Rana et al., 2008;
Schuenke et al., 2012) at an individual study level. While it was suggested by this review that
training load is not a determinant of hypertrophic nor isometric strength gains, it should be
noted that studies in which the resistance exercise was performed to volitional failure were
exclusively included by Schoenfeld et al. (2017,). Thereby, in the majority (81%) of studies
included, a greater total work volume was performed within the low-load conditions. In the
few studies that utilised volume-equated exercise protocols, significantly greater increases in
bench press (Anderson & Kearney, 1982) and leg-based (Campos et al., 2002) 1RM with high-
load resistance training compared to low-load were experienced by young, untrained males.
Whereas increases in upper- and lower- body maximal strength occurred independently to the
exercise load in young, untrained females (Hisaeda et al., 1996; Stone & Coulter, 1994). These

data support the notion that exercise volume is not a prerequisite to training-induced strength
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adaptations (Barcelos et al., 2015; Schoenfeld et al., 2019), though perhaps suggests a sex-
specific response (discussed in section 2.6.2.).

Exercise volume may be a stronger determinant of muscle hypertrophy than muscle strength.
However, a large degree of variability within studies is evident (Schoenfeld et al., 2017) and
only a couple of studies have demonstrated a clear beneficial effect on muscle hypertrophy
with higher exercise volumes (Correa et al., 2015; Radaelli et al., 2015). Likewise, the duration
of inter-set rest cannot be confirmed to have bearing on muscle hypertrophic adaptations due
to a paucity of studies and unclear direction of the findings (Grgic et al., 2017). It seems
plausible to manipulate the duration of the inter-set rest period depending on the intensity and
type of exercise, as opposed to with intent of maximising adaptations. Accordingly, near-
maximal (Wernbom et al., 2007) and multi-joint free weight (Senna et al., 2016) exercise

movements likely necessitate longer inter-set rest periods.

In summary, the extent by which the manipulation of resistance exercise extrinsic variables
impacts acute and chronic responses to training is confounding. Manipulating the relative
exercise load may influence maximal isotonic strength, with preference towards higher loads,
but does not appear to influence maximal isometric strength, muscle hypertrophy, whole-body
lean mass change, nor MPS rates. The degree to which training adaptations are determined by
the total work volume and inter-set rest period of the exercise is unclear at present, largely
owing to heterogeneity between the few available studies. Further, much of the current data
has been obtained from young, untrained male populations and adaptations to resistance
training are likely influenced by age, sex, training status, and other intrinsic characteristics. As
such, future research and training recommendations should consider both extrinsic and intrinsic

variables to optimise resistance training adaptations.

2.6.2. Intrinsic Variables and Training Adaptations

Resistance training adaptations may, in part, be predetermined by intrinsic variables including,
but likely not limited to an individual’s age; sex; hormone milieu (see section 2.4.0.); and fibre-
type distribution and size (see section 2.2.2.). Males and females may experience divergent
responses to resistance training, stemming from sex differences in skeletal musculature,
hormone profile, baseline strength and body composition, and early-stage neural effects. A
quantitative summary of sex differences in hypertrophic and strength adaptations to resistance

training was provided in the systematic review with meta-analysis by Roberts et al. (2020). Of
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the 50 total studies included, no significant differences existed between males and females for
resistance training-induced relative muscle hypertrophy (n = 10 studies) nor relative lower-
body strength gains (n = 23 studies). Conversely, the change in relative upper-body strength
significantly favoured females (mean between-sex ES = —0.60 + 0.16; 95% CI [-0.93,
—0.26]; p = 0.002; n = 17 studies). One study in particular, in which 20 weeks of unilateral
elbow flexor exercise was performed by participants, reported relative strength increases
among females that were ~2.5-fold those measured among males (O'hagan et al., 1995).
However, even upon omission of this study and other potentially influential studies (Carlsson
et al., 2017; Hostler et al., 2001) from the analysis, females still had superior upper-body
strength gains compared with their male counterparts. The reason for females experiencing
superior upper-body, but comparable lower-body, strength gains to males is unclear, though
may relate to the habitual activities of males, i.e. occupations involving heavy lifting. Due to
the potential sex differences in resistance training adaptations, it is important to study or
analyse data for males and females separately during training intervention studies and

resistance training guidelines should be sex-specific.

Differences between populations regarding long-term muscle adaptations to resistance training
could originate from early-stage neurological adaptations. During the early stages of resistance
training (<5 weeks), neurological adaptations drive the initial increase in muscle strength,
resulting in disproportionate strength gain relative to muscle mass gain (Moritani, 1979).
Evidence in support of neural adaptations has been provided by electromyostimulation and
cross-over training research, whereby increases in strength have occurred in the absence of
voluntary muscle contraction-induced morphological changes, e.g. myofibre growth, limb
enlargement, and altered muscle enzyme activity (Zhou, 2000). These initial neural effects of
training can increase motor unit synchronisation, improve coordination, and aid movement
learning. So, even simple actions require a degree of skill and practice for optimal movement
and, by extension, maximal strength to be achieved (Folland & Williams, 2007). Accordingly,
untrained individuals who are more susceptible to neurological adaptations are unlikely to
achieve their true maximal strength during primary assessments of MVC. Repetition of the
same task will likely result in enhanced performance after a degree of muscle learning has
occurred (Folland & Williams, 2007). Therefore, conducting a second MVC test to confirm
maximal strength prior to experimental intervention is good practice. Further, there is evidence
to suggest that neurological adaptations are influenced by sex, meaning that males and females

may experience disparate rates of strength development. It was suggested by Delmonico et al.
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(2005) and Ivey et al. (2000) that males are more dependent on morphological adaptation, i.e.
muscle hypertrophy as a prerequisite to strength adaptations, whereas in females, non-
morphological adaptations are a stronger influence on resistance training-induced strength
gains, suggesting that females experience neural effects more than males. Lending support to
this notion, it was shown by Rutherford and Jones (1986) that during the first 6 weeks of
resistance training, females experienced greater improvement in training load relative to males.
These sex differences could be linked to the greater muscle activation during contraction in
females compared with males (Bolgla et al., 2014; Dwyer et al., 2010; Zeller et al., 2003).
Muscle activation data are used to prescribe exercises that target isolated muscles and therefore,
these studies suggest that sex-specific exercises may be beneficial to maximise muscle
activation and optimise adaptations.

2.7.0. Conclusion

Herein, an overview of skeletal muscle has been provided, encompassing its structure and
mechanisms of contraction, damage, and repair, which may be influenced by several factors,
not limited to sex, hormonal status, training status, and body composition. The degree of
influence of these variables is difficult to ascertain, as most current studies are limited by their
poor consideration for methodological design, as well as the inherent disadvantages of using
indirect markers of muscle damage. Further, this work identified disparate findings between
EIMD studies conducted with animals and humans, partly due to the difficulties with
controlling all variables in humans, particularly when attempting to isolate the impact of sex
hormones. This discord adds to the challenge of solidifying the mechanisms of EIMD and
symptom development. Nonetheless, the relevance of acute EIMD for chronic exercise
adaptations is undetermined and warrants further investigation in males and, in particular,
females.

Accordingly, this chapter has also highlighted a need for further sex comparative and female-
focussed research, owing to many physiological sex differences that may impact acute and
chronic responses to resistance exercise and protein feeding. While in recent years more
female-focussed research has emerged, studies have produced equivocal findings, which seems
due in large to methodological inconsistencies; lack of control over female-specific variables,
e.g. hormonal status; and a limited number of high-quality studies conducted with females or
both sexes. Moving forward, uniformity in study design and agreement on the best-practice

procedures for conducting research with females, as is beginning to form (Elliott-Sale et al.,
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2021), will help confirm the role of sex in responses to nutrition and exercise stimuli. Doing so
would enable practical guidelines for exercise and nutrition to be tailored accordingly to males
and females.
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CHAPTER 3 The impact of dietary protein supplementation on recovery from resistance

exercise-induced muscle damage: A systematic review with meta-analysis

3.1.0. Prelude

This PhD work has centred around muscle recovery strategies following resistance exercise,
and dietary protein supplementation is a chosen recovery strategy by many exercisers.
Therefore, it was considered important to scope what research had already been conducted
surrounding dietary protein in the context of EIMD and identify where knowledge gaps lay in
order to design an appropriate, novel study. This review was intentionally exclusive to studies
that incorporated resistance exercise as the muscle damage-inducing exercise mode to fit with
the wider theme of this thesis; although, it is appreciated that the method used to induce muscle

damage may be deemed unimportant when establishing EIMD management strategies.

This chapter has been published in the European Journal of Clinical Nutrition.
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3.2.0. Introduction

The World Health Organisation physical activity guidelines stipulate adults should perform
resistance exercise at least twice per week to benefit general health, quality of life, and healthy
weight maintenance (Bull et al., 2020). Resistance training can elicit improved skeletal muscle
mass, strength, stability, glucose tolerance, and bone density (Anderson & Behm, 2005;
Eriksson et al., 1998; Layne & Nelson, 1999; Schoenfeld, 2010; Tan, 1999). Nevertheless,
unaccustomed resistance exercise, particularly involving eccentric contractions, can damage
skeletal muscle fibres (Stauber, 1989) mediated by the combined disruption to both sarcomeres
and the excitation-contraction coupling system (Proske & Morgan, 2001,; Warren et al., 1993).
Resistance EIMD presents physiological and mechanical consequences that may delay exercise
recovery and limit future exercise quality, owing to reduced muscle function. For example,
EIMD can induce muscle soreness and swelling and reduce muscle force generating capacity
by 50% (Hesselink et al., 1996; Nosaka et al., 2002p; Nosaka & Newton, 2002), which may
persist for seven days post-exercise (Byrne & Eston, 2002; Farup et al., 2014). Subsequently,
acute EIMD can dampen chronic adaptations to resistance training (Damas et al., 2016).
Successive exposures to comparable exercise stimuli attenuate EIMD owing to the RBE
(Fridén et al., 1983; Hough, 1902; Schwane & Armstrong, 1983). However, even mild
symptoms of muscle soreness and weakness could diminish personal motivation to exercise
and reduce the frequency and/or quality of exercise sessions. Furthermore, in line with
resistance training guidelines, individuals frequently alter exercise load, repetition range, or
volume, thus imposing new exercise stimuli and susceptibility to EIMD. Therefore, EIMD may

obstruct the benefits of regular (>twice weekly) and progressive resistance exercise.

The severity of EIMD can be assessed directly (i.e. through muscle biopsy sampling and
magnetic resonance imaging) or indirectly (i.e. through tests of muscle function, subjective
soreness, and blood analysis of intramuscular proteins). While direct assessments may seem
the preferred option, muscle biopsy sampling is invasive and presents two inherent
assumptions: that damage is inflicted by the intended intervention and not the biopsy procedure
itself; and that the damage measured within the sample reflects that of the whole muscle
(Clarkson & Hubal, 2002; Malm et al., 2000). To this end, indirect markers are preferentially
employed to indicate EIMD (Warren et al., 1999), with isometric and isokinetic tests of muscle
function considered the most valid and reliable (Morton et al., 2005). Other indirect markers

of EIMD, including muscle soreness and blood [CK], are limited by their high inter- and intra-
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individual variability (Damas et al., 2016.; Nosaka & Clarkson, 1996.) though are frequently

assessed in research, allowing for between-study comparisons.

Training adaptations are potentially hindered by EIMD (Damas et al., 20165) and hence several
strategies have been investigated to mitigate EIMD, including cryotherapy, massage,
stretching, compression garments, electrostimulation (Dupuy et al., 2018; Torres et al., 2012),
and dietary manipulation. Dietary strategies have received considerable recent attention,
especially regarding supplemental protein- and amino acid- based products provided peri-
exercise (Davies et al., 2018; Fouré & Bendahan, 2017; Harty et al., 2019; Pasiakos et al., 2014;
Poulios et al., 2019; Rahimi et al., 2017; Rahimi et al., 2018).

Peri-exercise protein consumption is a common strategy to enhance post-exercise recovery and
training adaptation by stimulating increased rates of MPS (Tipton, 2008). Following exercise,
MPS is stimulated to repair damaged muscle proteins, and MPS rates are further augmented by
peri-exercise protein consumption (Moore et al., 2009). Given that peri-exercise protein
consumption also may reduce muscle damage (Davies et al., 2018; Harty et al., 2019; Poulios
et al., 2019), it follows that protein supplementation may co-benefit muscle recovery by
reducing EIMD and enhancing MPS rates. Accordingly, several sources of protein, including
whey, casein, soy, wheat, and milk, have been investigated as nutritional strategies for
mitigating EIMD.

Despite extensive research, the evidence for peri-exercise protein supplementation attenuating
EIMD remains inconclusive. Following resistance exercise, declines in maximal strength have
been attenuated with milk protein ingestion in some (Cockburn et al., 2008; Draganidis et al.,
2017), but not all (Cockburn et al., 2010; 2012; Rankin et al., 2015) studies. Recently, regular
consumption of whey but not pea protein during 96 h of exercise recovery lowered peak
elevations in serum [CK] relative to water ingestion (Nieman et al., 2020). However, whey
protein intake failed to ameliorate muscle soreness; consistent with other observations,
irrespective of feeding timing (Kim et al., 2017; White et al., 2008). Moreover, the impact of
whey protein supplementation on EIMD is apparently influenced by whether hydrolysed or
isolated whey protein is provided, despite equivalent dosing protocols (Buckley et al., 2010;
Dale et al., 2015). The variety of exercise protocols, protein dosing and timing regimes,
participant characteristics, dietary controls, and measurement tools employed among studies
likely contribute to the diverse findings. Drawing conclusions on the efficacy of dietary protein

for managing EIMD requires a systematic approach with account for methodological design.
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The systematic reviewing of relevant literature has failed to produce definitive conclusions,
perhaps due to the overly broad or narrow inclusion criteria specified (Davies et al., 2018;
Pasiakos et al., 2014). No review to date has explicitly analysed studies whereby a variety of
protein supplements were consumed in conjunction with resistance exercise. Studies that
utilised varied exercise protocols (resistance and endurance) and provided protein- or amino
acid- based supplements were systematically reviewed by Pasiakos and colleagues (2014).
Resistance exercise typically causes more severe EIMD than endurance exercise, although only
five of the 27 included studies involved resistance exercise alongside protein consumption
(2014). Therefore, this review cannot conclude the impact of protein supplementation on
resistance EIMD. Conversely, the impact of protein supplementation on EIMD following
resistance exercise was assessed in a systematic review (n = 8) by Davies and colleagues
(2018). However, the inclusion criteria were limited to studies exclusively examining the
response of muscle function to whey protein supplementation, without consideration for other
protein sources and EIMD markers. The accompanying meta-analysis revealed an overall
small-medium beneficial effect of whey protein in restoring muscle function during exercise
recovery. Nonetheless, the impact of a range of protein sources on various EIMD markers is
currently unknown. Therefore, the purpose of this systematic review and meta-analysis was to
establish what the current literature suggests about the overall impact of peri-exercise protein
supplementation on indirect markers of resistance exercise-induced muscle damage. This study
sought to achieve this aim by comparing the change from pre-exercise in MVC, muscle
soreness, and [CK] at <24, 24, 48, 72, and 96 h following acute resistance exercise between
protein and control intervention groups. The outcomes of this review will inform protein intake

recommendations specifically for resistance exercise recovery.

3.3.0. Methods

3.3.1. Inclusion Criteria
The analysis was confined to studies published in English-language journals that met the
following criteria: (1) an experimental trial that involved acute (single-bout) resistance
exercise; (2) included >1 indirect measure of muscle damage; (3) muscle damage was measured
for >24 h post-exercise; (4) included peri-exercise supplementation with protein versus control
(including carbohydrate); (5) involved adult participants with no known clinical condition or
musculoskeletal injury. Studies were excluded if conducted in participants <18 y, animals, or

in vitro models, or included another protein supplement as the control, supplements containing
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therapeutic or ergogenic aids (e.0. polyphenols, antioxidants), or
physiotherapeutic/pharmaceutical methods targeting muscle damage (e.g. massage,
cryotherapy). Studies that involved endurance-type exercise, unloaded resistance exercise (e.g.
drop-jumps), concurrent exercise (if the dominant exercise was not resistance-type), or chronic
resistance training were excluded, as these exercise modes induce varied severities of EIMD.
Therefore, it would be inappropriate for this meta-analysis to group different modes of exercise
and further, this review aimed to inform sport nutrition guidelines exclusively for resistance

exercise.
3.3.2. Search Strategy

The literature search was conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al.,, 2009) on PubMed,
SPORTDiscus, and Web of Science databases for studies published up to March 2021 using
the following syntax: (muscle damage OR muscle injury OR muscle soreness OR exercise
recovery OR exercise induced muscle damage OR EIMD) AND (protein OR "milk*" OR whey
OR soy OR casein OR wheat OR beef) NOT (running OR cycling OR rats OR mice). Articles
were assessed for eligibility by two independent reviewers using the Rayyan software (Ouzzani

et al., 2016). The reference lists of eligible articles were also screened.
3.3.3. Coding of Studies and Data Extraction

Studies were read and individually coded by two independent reviewers (AP and LM) for the
following variables: (1) author, title, and year of publication: (2) participant demographic (sex,
age (categorised as per Schoenfeld et al., 20175), training status, and sample size); (3) resistance
exercise protocol, including exercise mode, load, set and repetition number, and inter-set rest
duration; (4) type of protein and control supplement used; (5) total daily protein intake; (6)
protein dose and timing protocol; (7) assessment methods of muscle damage; (8) measurement
time-points in relation to exercise; and (9) significant findings. For analyses, mean and standard
deviation (SD) (absolute or change from baseline), and sample size data were extracted for
each variable and time-point for treatment and control groups. Study authors were contacted to
provide raw data and if not received, these data were extracted from reported figures using
WebPlotDigitizer.

3.3.4. Methodological Quality
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Study quality was assessed by two independent reviewers (AP and LM) based on the 11-point
PEDro scale, which is considered reliable and valid for quality-assessing randomised
controlled trials (Elkins et al., 2010; Maher et al., 2003). Ratings were categorised as: 0-3 =
‘poor’; 4-5 = “fair’; 6-8 ‘good’; and 9—10 = ‘excellent’.

3.3.5. Meta-analyses

Each within-study comparator group (protein vs control) was treated as an independent trial. A
meta-analysis was conducted if the total number of trials (k) was >3 to generate k independent
ESs. Separate meta-analyses (16 total) were conducted at each post-exercise time-point (<24,
24, 48, 72, and 96 h) for the most measured variables: isometric MVC, isokinetic MVC,
serum/plasma [CK], and muscle soreness VAS/VRS score. If multiple measures of these
variables were obtained, e.g. leg extension and flexion MVC or active and passive muscle

soreness, the mean of these values was used in the analysis.

For each trial, a Hedges’ g ES with correction for small positive bias was calculated due to
dissimilar within-study group sample sizes (Borenstein et al., 2021). For MVC and [CK], ESs
were calculated from mean and SD values as a percent change from baseline. For muscle
soreness, there were insufficient data to use percent change from baselines values, due to
muscle soreness being either not measured or reported as zero at baseline. Therefore, muscle
soreness ESs were calculated using the absolute mean and SD at each time-point. Weighted

ESs were calculated using the standard error of the effect and adjusted with Tau squared (73).

Trial heterogeneity within each meta-analysis was assessed using Cochran’s Q (Q) and I?
(Higgins et al., 2003). Due to the moderate-substantial heterogeneity detected, a random-effect
model was used to calculate pooled ESs, which are reported with 95% confidence intervals
(Cls) (Borenstein et al., 2021). Effect sizes are interpreted as 0.2 = ‘small’; 0.5 = ‘medium’;
and 0.8 = ‘large’ with statistical significance determined by zero overlap of the 95% CI range
(Cohen, 1992). To identify potentially influential trials, a sensitivity analysis was conducted
by performing meta-analyses with removal of each trial one at a time. Trials were considered
influential if their removal resulted in the pooled ES changing from significant to non-
significant or vice versa. Pooled ESs with removal of influential trials are reported in the

manuscript text and forest plots display all trials.

The magnitude of EIMD was determined for trials included in the meta-analyses based on the

relative peak reduction from baseline in MVC, as per Paulsen et al. (2012): mild = <20%,
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moderate = 20-50%, and severe = >50% reduction. For studies providing insufficient data to
be meta-analysed (i.e. do not report mean change and variation) or when k <3, the mean percent

change values were calculated.

3.4.0. Results
3.4.1. Study Quality and Overview

The literature search yielded 586 articles, of which 38 potentially met the inclusion criteria
based on abstract screening (Figure 3.1). After full-text screening, 29 studies were confirmed
to meet the inclusion criteria and were included in the systematic review (Table 3.1).

c Records identified through -
S . . Duplicates removed
= database searching > (n=72)
& (n =586)
=) Abstract articles excluded
(n =476)
= v Reasons for exclusion:
E Total records screened > ) )
o (n =514) Not acute resistance exercise (n = 186)
g No protein intervention (n = 224)
Not measuring muscle damage (n = 60)
Other (n = 160)
v Full-text articles excluded
2 Full-text articles assessed for (n=9)
% e(légl_bgg)y > Reasons for exclusion:
W Not resistance exercise (n = 2)
Not protein vs. placebo (h = 3)
Duplicate (n = 2)
g Studies included in systematic Wrong publication type (n = 2)
= review
= (n = 29)

Figure 3.1. Flow diagram of the literature search process.

The 29 studies consisted of 45 trials, of which 26 studies and 40 trials were included in >1
meta-analyses. Three studies were not included in any meta-analysis (Baty et al., 2007; Burnley

et al., 2010; Samadi et al., 2012) due to insufficient data, and the mean percent change values
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are reported in Table 3.2. Methodological quality ratings are included in Table 3.1. The mean
and median rating of study quality were 7 and 8, respectively, indicative of good quality. Only
one study was categorised as poor and 13 as excellent.

In total, 763 participants (94% young males) were included. Fourteen studies were conducted
with trained individuals and 15 with untrained. The muscle-damaging resistance exercise was
restricted to lower-body muscle groups in most studies; upper-body in one study (Kim et al.,
2017), and whole-body in nine studies. Muscle contractions were concentric-eccentric (n = 16
studies) or eccentric-only (n = 13 studies). The magnitude of EIMD was predominantly mild
or moderate, with only one study reporting severe EIMD (Kim et al., 2017). EIMD magnitude
seemingly did not influence the response to protein supplementation (Supplementary Table
S3.1).

Protein was provided pre-exercise (n = 1) (Hasegawa et al., 2014), post-exercise (n = 16
studies), or pre- and post- exercise (n = 12), including 3 studies that investigated
supplementation timing (Cockburn et al., 2010; Kim et al., 2017; White et al., 2008). Whey
protein (including hydrolysed and isolated forms) was the most common protein source used,
either alone (n = 10 studies) or combined with carbohydrate (n = 10 studies). Eight studies
provided milk-based protein, and 4 studies included other protein sources (whey, casein, and
collagen blend (Hoffman et al., 2010), pea protein (Nieman et al., 2020), rice and pea protein
(Saracino et al., 2020), egg white and soy protein (Hasegawa et al., 2014)). The control group
supplements were either carbohydrate-based (n = 9), a non-isoenergetic liquid (e.g. artificially-
sweetened water) (n = 11), both (n = 5), or no supplement provided (n = 3). Except for one
study (Grubic et al., 2019), all supplements were liquid. Daily protein intake with exclusion of
the supplement was adequate in all trials in the protein groups (0.8-2.1 gekgBM™) and the
control groups (0.8-2.0 gekgBM™). With inclusion of the supplement, absolute daily protein
intake ranged 70-277 and 50-193 g in the protein and control groups, respectively, with a mean

between-group difference of 56 g. Sixteen studies did not report daily nutrient intake.
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Table 3.2. Summary of studies included in the review (n = 29)

Reference Study design Mode(s) of Type of Protein dose Daily Daily Markers of Time Primary
(Quality Participant resistance protein/placebo  and timing protein protein muscle points of findings
rating) characteristics exercise; provided protocol intake intake (g) damage measures
load; sets x [Isoenergetic (g°kgBM™) including around
reps (rest (1), Non- excluding  supplement exercise
period Isoenergetic supplement bout
duration) (ND]
Baty et al. Parallel High pull, Protein + CHO 355 mL NR NR Plasma [CK -30 min 1 [Mb] at +6
(2007) n=234M,; latissimus (1.5 + 6.2%- -30 min pre- and Mb] Pre h and [CK] at
(9; excellent)  young; pull-down, 1.5%) Ex, 177 mL During +24 hin
untrained overhead Control (NI; Pre & Post control

press, bench  electrolyte) during-EX, +1lh

press, leg 355 mL +6 h

extension, leg Post-Ex +24 h

curl, leg

press; 8RM,;

3 x8(1005s)
Bird et al. Crossover Back squat, Triphasic 8g+55g 15 165 Serum [CK Pre ™ [CK] AUC
(2013) n=15M,; deadlift, leg  protein + CHO  Pre-Ex and CRP] During from pre to
(8; good) young; press, leg 6g+20g Muscle Post +30 min in

trained extension, leg During-Ex soreness VAS  +30 min  control
curl; 8-15 22g+209g (with pressure +24 h
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Buckley et al.
(2010)

(9; excellent)

Burnley et al.
(2010)

(9; excellent)

Parallel
n=28M;
young;

untrained

Crossover
n=21M:;
young;

untrained

RM; 4 x 8—
15
(90 s)

Eccentric
unilateral
knee
extensions;

maximal; 100

Eccentric
knee
extensions;
100%
concentric
1RM; 10 x
10 (1 min)

Control (NI;
artificial

sweetener)

Whey protein
hydrolysate ()
Whey protein
isolate ()
Control (NI;
flavoured

water)

Whey protein
CHO (l; sugar)
Control (NI;
artificial

sweetener

Post-Ex 1.5 129

25 g NR NR

259

250 mL
0,6&22h
post-Ex

0.4 0.9 107
gekgBM™ 1.0 83
0.4 1.0 78
gkgBM™

240 mL

Post-Ex

algometry) and

VRS (bodyweight
squats)

CMJ peak
power

Serum [CK]
Plasma [TNF-
a]

Muscle

soreness VAS
(extended leg with 5

kg suspension)
Isometric
MVC knee
extensor
Plasma [CK]
Muscle

soreness VAS
(passive)

Isometric
MVC knee
extensor and

flexor

Pre
Post
+1lh
+2h
+6 h
+24 h

Pre
Post
+24 h
+48 h

 Isometric
MVC at +6—
24 h in whey
protein
hydrolysate
compared to
isolate and

control
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Cockburn et
al.

(2008)

(6; good)

Cockburn et
al. (2010)
(4; fair)

Parallel
n=24M;
young;
trained

Parallel
n=32M;
young;

trained

Unilateral
knee
flexions;
maximal; 6 x
10 (90 s)

Unilateral
knee
flexions;
maximal; 6 x
10 (90 s)

Milk-based
Protein + CHO
(@
Semi-skimmed
milk (NI) @)
CHO (NI;
sports drink)
Control (NI;

water)

Milk-based
Protein + CHO
Control (NI;

water)

17 g NR NR

179

0g

0g

All 500 mL
0&2h
post-Ex

339 (1000 NR NR
mL)

Pre-EX @ Or

Post-EX ()

or

24 h post-

EX

Knee extensor
and flexor

mean power

Serum [CK
and Mb]
Muscle

soreness VAS
(passive)

Isokinetic
MVC knee

flexion

Serum [CK]
Muscle

soreness VAS

(maximal leg

flexion)

Isokinetic
MVC knee

flexor

Pre
+24 h
+48 h

Pre

+24 h
+48 h
+72h

™ Isokinetic
MVC and |
[CK and Mb]
at+48 hiin
CHO-Protein
and Milk
compared to
CHO

No significant
interactions
between
supplement
condition and
time point on

muscle
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Cockburn et
al. (2012)
(3; poor)

Parallel
n=24M;
young;
trained

Unilateral
knee
flexions;
maximal; 6 x
10 (90 s)

Semi-skimmed
milk
Control (NI;

water)

17 g (500 NR NR
mL) (s or 34
g (1000 mL)

(b)
Post-Ex

Reactive
strength index

Serum [CK
and Mb]
Plasma [IL-6]
Muscle

soreness VAS

(passive and during
maximal leg

flexion)

Isokinetic
MVC knee

flexor

Pre

+24 h
+48 h
+72 h

damage

markers

No significant
interactions
between
supplement
condition and
time point on
muscle
damage

markers
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Cockburn et
al. (2013)
(5; fair)

Cooke et al.
(2010)
(9; excellent)

Parallel
n=14 M;
young;
trained

Parallel
n=17 M;
young;

untrained

Eccentric
unilateral
knee
flexions; 6 x
10 (90°s)

Unilateral leg
press, leg
extension, leg
curl; 120%
1RM; 4 x 10
(3 min)

Semi-skimmed

milk
Control (NI;
water)

Whey protein
isolate+CHO
CHO (l;

glucose)

17 g (500 NR NR
mL)
Post-Ex

1.5 0.9 177
gekgBM™

Post-Ex 0.8 63
Then 27 g

4 x daily for

14 d

Serum [CK
and Mb]
Muscle
soreness VAS

(passive and during
all performance

measures)

CMJ height
Reactive
strength index
15 m sprint
Agility time
Intermittent
shuttle test
Plasma [CK
and LDH]
Isometric
MVC knee
extensor
Maximal
isokinetic knee
extensor and

flexor strength

Pre
Post
+24 h
+48 h
+72 h

Pre

+30 min
+1h
+2h

+4 h
+24 h
+48 h
+72h
+96 h
+7d

Significantly
faster 15 m
sprint time
during shuttle
test with milk

than placebo

N Isometric
MVC at +72
hand +7d
with whey

protein
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Dale et al.
(2015)
(9; excellent)

Draganidis et
al. (2017)
(10; excellent)

Parallel
n=39 M;
young;
untrained

Crossover
n=11M;
young;

trained

Eccentric
knee
extension;

maximal; 100

Eccentric
unilateral
knee
extensions;
20 x 15 (30
s)

Whey protein
hydrolysate
(one of three
forms) @)
Whey protein
isolate (1) @)
Control (NI;
flavoured

water)
Milk protein

concentrate

CHO (;

maltodextrin)

259
Post-Ex
then once
daily
259

250 mL

209
0,3,6&9h
Post-Ex
Daily for 8
d

0g

Isometric
MVC knee

extensor

Serum [CK]
Muscle

soreness VAS

(palpation after

squats)

Isometric
MVC knee

extensor

+14 d

Pre
+1h
+2h
+6 h
+24 h
+48 h
+72 h
+7d

Pre
+6 h
+24 h
+48 h
+72h
+96 h
+5d
+6 d
+7d
+8d

N Isometric
MVC and
lower muscle
soreness at
+1-5 d with
milk protein,
J [CK] at
+24-48 h
with milk

protein
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Farup et al.
(2014)
(9; excellent)

Gee et al.
(2019)
(10; excellent)

Grubic et al.
(2019)
(7; good)

Parallel
n=24M;
young;
untrained

Parallel
n=30M;
young;

trained

Crossover
n=12 M;
young;

trained

Eccentric
unilateral
knee
extension;
maximal; 15
x 10

(2 min)

Back squat,
bench press,
deadlift,
military
press, bench
pull; 75%
1RM; 4 x 8
(2 min)

Bench press,
incline bench
press, back
squat, leg

press, lunges,

Whey protein

hydrolysate+
CHO

CHO (1)

Whey protein

hydrolysate +
CHO (y
Flavoured milk
0 o

CHO (1)

Whey protein +

CHO food bar
CHO (NI;

dextrose gel)

28g+28g 1.2 170
0,3&6h

Post-Ex

3x daily for

2d 1.2 86
56 g

33g+98g NR NR

339g+98¢g

133 g
Post-Ex

209+25g 16 146

25¢g 1.6 130
Pre-, during,
& Post-Ex

Serum [CK]
Muscle

soreness VAS
(during single-leg
squat)
Isometric

MVC knee

extensor

Muscle
soreness VAS
Isokinetic
MVC knee
extensor and
flexor

CMJ height
Medicine-ball

throw distance

Serum [CK,
IL-8 and TNF-
o]

Muscle

soreness VAS

Pre ™ Muscle
+24 h soreness at
+48 h +96 h in
+72 h whey protein
+96 h

+7d

Pre &~

+24 h

+48 h

Pre &

During

Post

+48 h
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Hasegawa et
al. (2014)
(4; fair)

Hirose et al.
(2013)
(6; good)

Crossover
n=6M;
young;

untrained

Crossover

leg extension,
latissimus
pulldown,
row, bicep
curls, triceps
pulldown,
preacher
curls; 70%
1RM; 3 x 10
(2 min)
Followed by
sprint
intervals

Leg
extension, leg
press, row,
chest fly;
80% 1RM; 3
x 10 (1 min)

Calf-raise;
100% BM; 5
x 15 (60 s)

Egg white
protein (a

Soy protein (1)
(®)

Control (NI;

water)

Milk peptide
Control (NI; no

supplement)

209

209
Pre-Ex

59
Pre- & Post-
Ex

0.9

0.8
0.8

76

70
50

NR

(with pressure

algometry)
Isokinetic

MVC knee
extensor and

flexor

Serum [CK]
Muscle

soreness VAS

(passive)

Plasma [CK]
Muscle

soreness VAS

Pre
Post
+30 min
+24 h
+48 h
+72h

Pre
Post
+12 h

J [CK] at
+72 hand +5

100



Hoffman et al.
(2010)
(8; good)

Ives et al.
(2017)
(7; good)

n=6M,;
young;
untrained

Parallel
n=15M;
young;

trained

Parallel
n=60 M;
young;

untrained

Back squat,
deadlift,
barbell lunge;
80% 1RM; 4
x 10 (90°s)

Eccentric
unilateral
knee
extension;

maximal; 100

Protein blend
(collagen,
whey, and
casein isolates,
plus 250 mg
BCAAs)

CHO (NI;

maltodextrin)

Whey protein
hydrolysate
CHO (l; sugar
flavoured

water)

Twice daily
for5d

42 g
Pre- & Post-
Ex for 3d

3lg
0,6&22h
Post-Ex
250 mL

2.0

1.3

1.4

277

193

189

96

(palpation and

unloaded extension)

Serum [CK]
Muscle
soreness VRS
Squat peak

power

Muscle

soreness VAS

(extended leg with
and without 5 kg

suspension)

Isometric
MVC knee

extensor

+24 h
+48 h
+72 h
+96 h
+5d
+8d

Pre
Post
+24 h
+48 h

Pre
Post
+1h
+2h
+6 h
+24 h

d with milk
peptide,

J Muscle
soreness with

milk peptide

™ Peak
isokinetic
MVC at +24
h with protein
compared to
CHO
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Karakus &
Akkurt (2020)
(5; fair)

Parallel
n=24M;
young;

trained

Bench press,  Whey protein 359

chest fly, Control (NI; no  Post-Ex
reverse fly, supplement) then daily
shoulder

press, triceps
pushdown,
bicep curl,
back squat,
leg press, leg
extension, leg
flexion,
adductor, calf
press; 80%,
90% and
100% 1RM,;
3x10

1.0
1.0

105
70

Isokinetic
MVC knee
extensor
Thigh

circumference

Serum [CK
and Mb]
Muscle

soreness VAS

Pre
Post
+24 h
+48 h
+72h

™ Muscle
soreness at
+24-72 h

with protein
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Kim et al. Parallel
(2017) n=32M,;
(7; good) young;

untrained
Naclerio etal.  Crossover
(2020) n=10 M;
(9; excellent)  young;

trained
Niemanetal. Parallel
(2020)

(10; excellent)

Eccentric
elbow
flexions; 2 x
25

Bench press,
back squat,
row, lunge,
deadlift, box
step-up, hang
clean; 40—
60% 1RM; 3
x 15

(30 9)

3 consecutive
days

Bench press,
eccentric

latissimus

Whey protein

Control (NI; no

supplement)

Protein blend
(whey isolate,
beef
hydrolysate,
glutamine +
CHO)

CHO (l;

maltodextrin)

Whey protein

isolate (3

15
gekgBM*
Pre-EX (@ or
Post-EX ()
or Pre- &
Post-EX (v

18g+38¢g
Post-Ex for
3d

55¢

0.3
gekgBM™

NR

1.7

1.7

NR

NR

145

127

NR

Serum [CK]
Muscle
soreness VAS
Isometric
MVC elbow
flexor

ROM elbow

flexor

Muscle

soreness VAS
(bodyweight squat)
Bench press

1RM and
maximal
power

CMJ height

Serum [CK,
Mb, LDH and
CRP]

Pre
Post
+24 h
+48 h
+72 h
+96 h

Pre
+1h
+24 h
+48 h

Pre
Post
+24 h

™ CMJ
height at +1
h, maximal
strength at
+24 h, and
maximal
power at
+24-48 h

with protein

J [CK] at
+72-96 h and
[Mb] at +48—
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Philpott et al.
(2018)
(7; good)

n=92M;
young;
untrained

Parallel
n=36M;
young;

trained

pulldown,
eccentric leg
extension,
eccentric leg
curl, split
squats, and
various
unloaded
exercises;
<maximal;
24 x 3-15
(3060 s)
Eccentric
unilateral
knee flexion;
12 sets (each
leg) (1 min)

Pea protein
isolate (1) )
Control (NI;

water)

Whey protein +
Leucine + CHO

CHO (NI)

0.3
gekgBM*

237 mL
Pre- & Post-
Ex and pre-
sleep for4 d

15+18+
209

Twice daily
for 6 wk
pre-EX

24 ¢

NR

NR

Muscle
soreness VAS
Isometric
MVC deadlift
dynamometer
Bench press
repetitions
CMJ height
30-s Wingate

Serum [CK]
Plasma [CRP]
Muscle

soreness VAS

(passive and
unloaded leg

extension)

Isokinetic
MVC knee

flexor

+48 h
+72 h
+96 h

Pre

+24 h
+48 h
+72h

96 h with
whey protein
compared to
water,

<> between
pea protein

and water
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Rankin et al.
(2015)
(7; good)

Samadi et al.,
(2012)
(6; good)

Parallel
n =32 (16M,
16F); young;

trained

Parallel
n=28M;
young;

untrained

Eccentric
knee flexion;
maximal; 6 x
10 (90 s)

Leg press,
leg curl, leg
extension,
shoulder
press,
latissimus

pulldown,

Milk

CHO (1)

9% whey
protein + CHO
in various
ratios:

1:4

1:3

1:2

17 g (500
mL)
Post-Ex
500 mL

NR

24 g divided NR

into 4 doses
2.5
mLekgBM™
solution
Pre-Ex and

3 doses

NR

NR

Yo-Yo
intermittent
endurance test
Soccer passing
skills test
Serum [CK]
Muscle

soreness VAS

(passive and
maximal leg

flexion)

Isokinetic
MVC knee
flexor

CMJ height
20 m sprint

Plasma [CK
and Mb]
Muscle

soreness VRS

(passive)

Pre

+24 h
+48 h
+72 h

Pre
+1h
+24 h
+48 h

No significant
interactions
between
supplement
condition and
time point on
muscle
damage

markers

™ [CK and
Mb] at +24 h

in control
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Saracino et al.
(2020)

(9; excellent)

Parallel
n=32M;
middle-aged;

untrained

bench press,
bicep curl;
70-75%
1RM; 3% 8
(2 min)
Eccentric
knee
extensions
and flexions;
maximal; 5 x
15

(2 min)

Control (NI;
artificial

sweetener)

Whey protein
hydrolysate ()
Whey protein
isolate ()
Rice and pea
protein ()
Control (NI)

during Ex at
15-min

intervals

4049
Pre-sleep
before Ex
and for 2 d
post-Ex and
25 g bolus
post-Ex

11

1.1

11

1.1

155

156

151

84

Plasma [CK,
IL-6 and IL-
10]

Muscle

soreness VAS
(unloaded leg

extension)

Isometric
MVC knee
extensor and
flexor
Isokinetic
MVC knee
extensor and
flexor

Thigh

circumference

Pre

+24 h
+48 h
+72 h
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West et al. Crossover Bench press,  Whey protein 259 NR NR Isometric Pre Small-to-

(2017) n=12M; latissimus CHO (1) 0&10h MVC knee Post moderate
(9; excellent)  young; pulldown, Control (No Post-Ex extensor +10 h beneficial
trained barbell supplement) CMJ +24 h effects on
shoulder performance isometric
press, row, Knee extensor MVC,
leg press, leg repetitions to anaerobic
extension; failure at 75% power, and
75% 1RM; 4 1RM CMJat+10h
x 10 30 s Wingate and moderate
(2 min) beneficial
Or non- effects on
exercising isometric
control MVC,
anaerobic
power and
muscular

endurance at
+24 h with

protein

White et al. Parallel Eccentric Whey protein+ 23+75¢g NR NR Serum [CK] Pre &~
(2008) unilateral CHO Pre-EX (s Or +6 h
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N o o A WN

(9; excellent) n=27M;
young;
untrained

Wojcik etal.  Parallel

(2001) n=26M,;
(6; good) young;
untrained

knee
extensions;
maximal; 5 x
10

(2 min)

Eccentric
knee
extension;
120% of
concentric
1RM; 10 x
10 (1 min)

Control (NI;
artificial

sweetener)

Flavoured milk
protein + CHO
CHO (I;
Gatorade)
Control (NI;
artificial

sweetener)

Post-EX ()
Pre- & Post-
Ex

25+70¢ 1.5
Oand 2h

post-Ex 1.5
9% g
Og 1.5

164

113

113

Muscle
soreness VAS
Isometric
MVC knee

extensor

Serum [CK,
IL-1, IL-6 and
TNF-a]
Muscle

soreness VRS
(passive)

Isometric
MVC knee

extensor

+24 h
+48 h
+72 h
+96 h

Pre
Post
+3h
+6 h
+24 h
+48 h
+72h
+96 h
+5d
+6d

Arrows indicate a significant difference between groups (‘™ = higher, { = lower, <> = no significant differences); methodological quality rating categorised
as 0-3 = ‘poor’, 4-5 = ‘fair’, 6-8 ‘good’, and 9-10 = ‘excellent’; participant age is classified as young (18—39 y), middle-aged (40—64 y), and older adults (>
65 y) (Schoenfeld et al., 2017,); subscripts (a), (b), and (c) denote separate trials within a study; M = males; F = females; 1RM = one repetition maximum;
CHO = carbohydrate; BCAAs = branched chain amino acids; Ex = exercise; NR = not reported; CK = creatine kinase; Mb = myoglobin; LDH = lactate

dehydrogenase; IL = interleukin; TNF-a = tumor necrosis factor-alpha; CRP = C-reactive protein; VAS = visual analogue scale; VRS = visual rating scale;

CMJ = counter movement jump; MVC = maximal voluntary contraction; ROM = range of motion; PPT = pressure pain threshold.
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Table 3.3. Mean percent change values from trials not included in the meta-analyses

Mean percent change (range)

Variable  Group Pre-Post Pre-24 h Pre-48 h Pre-72 h Pre-96 h
Isometric  Protein  -29.9--2.4 -31.9-0.0 -32.3--0.7 -273-24 -23.0-6.1
MVC Control  -36.7--2.6 -38.0--3.2 -32.1--3.8 -32.6 —-2.6 -22.2-3.8
Isokinetic  Protein  -242—--15 -26.2-0.6 -42.1--3.2 - -

MVC Control ~ -20.0-0.7 -25.5--8.8 -33.7--2.1 - -
CK Protein 2.0 166 29.8-1660.2 15.9-7532.3 152.0-18769.1 166.6 —33222.0
Control -7.9-283.7 37.1-1605.7 42.7-3770.8 363.8—10471.4 325.3-13907.6

Time is in relation to the exercise bout; MVC = maximal voluntary contraction; CK = creatine kinase

3.4.2. Isometric Maximal Voluntary Contraction

Baseline isometric MVC ranged 133.7-292.4 and 125.3-314.0 Nm in protein and control
groups, respectively. Three trials did not report baseline data (Farup et al., 2014; Kim et al.,

2017; West et al., 2017). Meta-analyses for isometric MVC change from baseline between
protein and control groups were conducted at <24 h (k=8),24 h(k=11),48 h (k=8),72 h (k
=8), and 96 h (k = 6). Overall ESs were small and non-significant at <24-72 h (Figures 3.2.a—

d). An influential trial was detected at 48 h (Dale et al., 2015), and its removal resulted in

significant medium positive effects of protein (pooled ES = 0.564 [0.049, 1.080]). There was
an overall beneficial effect of protein at 96 h (ES = 0.563 [0.232, 0.894]) (Figure 3.2.e).
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Reference

Buckley et al. (2010)a
Buckley et al. (2010)b
Dale et al. (2015)a
Dale et al. (2015)b
Ives et al. {2017}

Kim et al. (2017)a
Kim et al. (2017)b
Kim et al. (2017)c

Random effect model:
Q=8(p=0.33), = 12.8%, T
=0.014,k=8

-13

Buckley et al. (2010)a
Buckley et al. (2010)b
Cooke et al. (2010)
Dale et al. (2015)a
Dale et al. (2015)b
Draganidis et al. (2017)
Farup et al. (2014)
Ives et al. (2017)

Kim et al, (2017)a
Kim et al. (2017)b
Kim et al. (2017)c

Random effect model:
Q =24.9 (p = 0.006), I* = 59.8%,
T =0.203, k=11

2.2

Cookeet al. (2010)
Dale et al. (2015)a
Dale et al. (2015)b
Draganidis et al. (2017)
Farup et al. (2014)

Kim et al. (2017)a

Kim et al. (2017)b

Kim et al. (2017)c

Random effect model:
Q=20.9 (p = 0.004), I’ = 66.4%,
T*=0.324,k=8

Cockeet al. (2010)
Dale et al. (2015)a
Dale et al. (2015)b
Draganidis et al. (2017)
Farup et al. (2014)

Kim et al. (2017)a

Kim et al. (2017)b

Kim et al. (2017)c

Random effect model:
Q=23.9 (p = 0,001), I = 70,7%,
T8 =0.365,k=8

Cooke et al. (2010)
Draganidis et al. (2017)
Farup et al. (2014)

Kim et al. (2017)a

Kim et al. (2017)b

Kim et al. (2017)c

Random effect model:
Q=2.3 (p=0.803), P =-115.2%,
T=0,k=6
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0.05 [-0.06, 0.15)
-0.53[-0.84,-0.23]
-0.42[-0.65,-0.19]
-0.82[-1.24,-0.4]
0.25(0.07,0.43]
0.31(0.04,0.58]
0.11(-0.05, 0.28)
0.06 [-0.06, 0.18)

-0.039 [-0.27, 0.192]

0.84[0.41, 1.28)
0,83 [-1.22,-0.45]
0.64 (0.26, 1.02)
-0.18[-0.33, -0.03]
1,56 [-2.14,-0,99]
0.91(0.51,1.31]
0.3[0.08,0.51)
0.22(0.05,0.39)
0.77(0.34,1.21)
0.32(0.04, 0.6)
0.07[-0.06, 0.21)

0.152 [-0.199, 0.503)

0.36 (0.07,0.64]
0.81(0.49,1.13]
1.8[-2.42,-118]
1.18(0.73, 1.63]
0.27[0.06, 0.48]
0.95 (0.47, 1.43]
0.46(0.13,0.79]
0.16 [-0.04, 0.36)

0.334[-0.156, 0.824]

16(1,2.2)
-0.14 [-0.28, -0.01]
4.71[-2.32,-1.11]
0.69 (0.34, 1.04)
0.26 (0.05, 0.46]
095 (0.47, 1.43]
0.240,0.47]
0.41(0.1,0.73)

0.28[-0.23,0.79]

0.87[0.43,1.32]
0.67[0.33,1.01]
0.49[0.21,0.77)
1.05[0.55, 1.55]
0.41[0.09,0.72]
0.26[0.01,0.51]

0.563 [0.232, 0.894]
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Figure 3.2. Forest plot of Hedges’ g effect sizes with 95% confidence intervals for the effect of protein
supplementation compared to control on the change from baseline in isometric maximal voluntary
contraction at a. <24 h post-exercise, b. 24 h post-exercise, c. 48 h post-exercise, d. 72 h post-
exercise, and e. 96 h post-exercise. A positive effect size indicates a beneficial effect of protein
supplementation compared to control. All eligible trials, including outliers, are presented and
included in the analysis.

3.4.3. Isokinetic Maximal Voluntary Contraction

Isokinetic MVC at baseline ranged 74.5-188.0 and 72.1-183.0 Nm in protein and control
groups, respectively, and was not reported in 2 studies (Cockburn et al., 2010; Philpott et al.,
2018). Meta-analyses were conducted at 24 h (k = 3), 48 h (k = 8), and 72 h (k = 8). Overall
ESs were small-medium in favour of protein and reached statistical significance at all time-
points (Figures 3.3.a—c). Philpott et al. (2018) was identified as influential and its removal
resulted in non-significant overall ESs at 48 (0.319 [-0.036, 0.675] and 72 h (0.371 [-0.08,
0.822]). There was no clear impact of protein type, time or duration of supplementation, muscle
group exercised, contraction type, or the training status of participants on the change in

isometric and isokinetic MVC at 24 h (supplementary Figure S3.1.a.).

Reference ' Hedges' g [95% CI] a
1
Cooke et al. (2010) E —— 0.37[0.08, 0.66]
Philpott et al. (2018) ' —@— 1.34[0.84,1.85]
Rankin et al. (2015) : - 0.48[0.24,0.72]
:
Random effect model: i
]
Q=26 (p=0.272), I* = 23.3%, | e 0.63910.116. 1.1621
T2=0.05,k=3 :
1.7 1.2 0.7 0.2 0.3 0.8 13 18
i
Cockburn et al, (2010)a - 0.06 [-0.06, 0.19] b
Cockburn et al. (2010)b : —— 0.46 [0.13, 0.8]
Cockburn et al. (2010)c | 0.35[0.06, 0.63]
Cockburn et al, (2012)a }l 0.13[-0.05,0.31]
Cockburn et al. (2012)b }—l— 0.2 [-0.02,0.42]
Cooke et al. (2010) i —— 0.58[0.22,0.94]
Philpott et al, (2018) | —8—  2.12[1.48,2.76)
Rankin et al. (2015) H —a— 0.7 [0.41,0.98]
1
L
Random effect model: i
Q=128 (p=0.077), 1’ = | —— 0.447 [0.104, 0.79)
1
1
I

45.3%, T* = 0.107, k=8

Cockburn et al. (2010)a —— 0.51[0.16, 0.85] C
Cockburn et al. (2010)b —a— 0.6 [0.22,0.98]
Cockburn et al. (2010)c —— 0.3[0.03,057)
Cockburn et al, (2012)a —a— 0.35[0.06, 0.64)
Cockburn et al. (2012)b —— 0.44[0.12,0.77]
Cooke et al, (2010) 0.05[-0.06, 0.15]
Philpott et al, (2018) ——— 2.85(2.11,3.59]
Rankin et al. (2015) —— 0.49[0.25, 0.73)

Random effect model:
Q=187 (p=0.009),1* =
62.7%, 1 =0.233, k=8

0.569 [0.136, 1.002]

e we R

-3.4 -29 -24 -19 -14 09 04 01 06 11 16 21 26 31 36
Hedges' g Effect Size + 95% Confidence Interval

Favours control Favours protein
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Figure 3.3. Forest plot of Hedges’ g effect sizes with 95% confidence intervals for the effect of protein
supplementation compared to control on the change from baseline in isokinetic maximal voluntary
contraction at a. 24 h post-exercise, b. 48 h post-exercise, and c. 72 h post-exercise. A positive effect
size indicates a beneficial effect of protein supplementation compared to control. All eligible trials,
including outliers, are presented and included in the analysis.

3.4.4. Creatine Kinase

Baseline [CK] ranged 33.7-307.0 and 43.5-540.5 TU-L! in protein and control groups,
respectively. There were insufficient data to meta-analyse trials at <24, 24, and 96 h. At 48 h,
6 trials produced significant medium-large positive effects of protein and the overall effect was
borderline significant (ES = 0.836 [-0.001, 1.673]) (Figure 3.4.a). One influential trial
(Cockburn et al., 2013) produced large negative effects (-1.88 [-2.59, -1.16]) and, once
removed, the overall effect became large in favour of protein (1.252 [0.354, 2.151]). There
were large positive effects of protein at 72 h (overall ES = 1.335 [0.294, 2.376]) (Figure 3.4.b).
Removal of one influential trial (Rankin et al., 2015) resulted in non-significant overall effects
(0.952 [-0.170, 2.075]).

Reference

Cockburn et al. (2010)a

79.4%, T*=1.003, k=7

-30 -25 -20 -15 -1.0 05 00 05 10 15 20 25 3.0

Hedges'g[os%cl] O

1.56[0.95, 2.17]

'
I
i
Cockburn et al. (2010)b | —_—— 2.01[1.32,2.71)
Cockburn et al. (2010)c [ — 1.66(1.03,2.3]
Cockburn et al. (2012)a : —— 0.61[0.23,1]

Cockburn et al. (2012)b : —a— 0.59[0.22, 0.97)
Cockburn et al. (2013) e [ -1.88[-2.59,-1.16]
Rankin et al. (2015) ' —a— 1.23[0.84, 1.61]

[

I

Random effect model: '
Q=29.1(p<0.001),F= I 0.836 [-0.001, 1.673]

Q=40.2 (p <0.01), I* = 85.1%,
T=1677,k=7

1
Cockburn et al. (2010)a i —— 1.75[1.1, 2.39] b
Cockburn et al. (2010)b : —— 1.71[1.07, 2.35]
Cockburn et al. {2010)c | —.— 0.78[0.35,1.21)
Cockburn et al. (2012)a ' —a— 1.39[0.81, 1.96]
Cockburn et al. (2012)b : —— 1.31[0.75, 1.87]
Cockburn et al. (2013) —a— 118 [-1.74, -0.61]
Rankin et al. (2015) H 3.69[3.02, 4.35]
i
Random effect model: E
L —p— 1.335 [0.294, 2.376]
H
H

-50 -40 -30 -20 -10 00 1.0 20 30 40 50
Hedges' g Effect Size + 95% Confidence Interval

Favours control Favours protein

Figure 3.4. Forest plot of Hedges’ g effect sizes with 95% confidence intervals for the effect of protein
supplementation compared to control on the change from baseline in serum creatine kinase
concentration at a. 48 h post-exercise and b. 72 h post-exercise. A positive effect size indicates a
beneficial effect of protein supplementation compared to control. All eligible trials, including

outliers, are presented and included in the analysis.
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3.4.5. Muscle Soreness

Baseline muscle soreness ranged 0.0-27.9 and -0.5-31.4 mm in protein and control groups,

respectively, and was not reported in one study (Cockburn et al., 2010). Meta-analyses were
conducted at baseline (k = 23), <24 h (k = 13), 24 h (k= 32), 48 h (k =29), 72 h (k = 22), and
96 h (k = 11). There was no overall effect of supplement group on muscle soreness at any time-
point (Figures 3.5.a—f). At 72 h, one influential trial was identified (Philpott et al., 2018) and,

upon removal, a significant positive effect of protein was found (overall ES = 0.230 [0.054,

0.406]). Protein supplementation appears more beneficial for muscle soreness in untrained

individuals, following concentric exercise, and with a single day of supplementation

(supplementary Figure S3.1.b).

Reference

Bird et al. (2013)
Buckley et al. (2010)a
Buckley et al. (2010)b

Cockburn et al, (2008)a
Cockburn et al. (2008)b
Cockburn et al. (2012)a
Cockburn et al. (2012)b
Cockburn et al. (2013)
Gee et al. (2019)a

Gee et al. (2019)b
Grubic et al. (2019)

Ives et al. (2017)
Nieman et al. (2020)a
Nieman et al. (2020)b

Philpott et al. (2018)
Saracino et al. (2020)a
Saracino et al. (2020)b
Saracino et al. (2020)c

White et al. (2008)a

White et al. (2008)b

Wojcik et al. (2001)
Yuko et al. (2014)a
Yuko et al. (2014)b

Random effect model:
Q=33.7 (p=0.053), I*=34,7%,
2=0.041, k=23

Bird et al. (2013)
Buckley et al. (2010)a
Buckley et al. (2010)b

Draganidis et al. (2017)
Grubic et al. (2019)
Hirose et al. (2013)

Ives et al. (2017)
Nieman et al. (2020)a
Nieman et al. (2020)b

White et al. (2008)a
White et al. (2008)b

Yuko et al. (2014)a
(Yuko et al., 2014)b

Random effect model:
Q=33.7 (p =0.053), I* = 34.7%,
T=0k=13
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Figure 3.5. Forest plot of Hedges’ g effect sizes with 95% confidence intervals for the effect of protein
supplementation compared to control on muscle soreness ratings at a. pre-exercise, b. <24 h post-
exercise, c. 24 h post-exercise, d. 48 h post-exercise, e. 72 h post-exercise, and f. 96 h post-exercise.
A positive effect size indicates a beneficial effect of protein supplementation compared to control. All

eligible trials, including outliers, are presented and included in the analysis.

3.5.0. Discussion

Peri-exercise protein consumption has beneficial effects for preserving acute muscle strength
and blunting [CK] following muscle damaging resistance exercise in young males. Reductions
in isokinetic MVC were significantly attenuated by protein in all 8 trials at >1 time-point, with
no negative effects of protein consumption. Nine out of 11 trials were in favour of consuming
protein for reducing isometric strength loss compared to control products at >1 time-point.

Likewise, only one trial failed to demonstrate a positive effect of protein for attenuating post-
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exercise [CK] elevations. Protein consumption is unlikely beneficial for reducing post-exercise
muscle soreness in young males, as zero-small effects were observed (ES range = 0.004—
0.195). This review could not establish the impact of protein supplementation on EIMD in

females due to a lack of studies conducted with females or both sexes.

Despite its frequent assessment, the efficacy of protein consumption for muscle soreness
management is confounding. Less than half of trials reviewed reported a benefit of protein for
reducing post-exercise muscle soreness at 48 h. These conflicting data reflect the existing
limited understanding of the mechanisms of exercise-induced muscle soreness, alongside its
subjectivity and susceptibility to other physiological and psychological influencers (e.g. mood,
sleep quality, hormonal status) (Melzack, 1982). However, this review identified that males
untrained in resistance exercise are more likely to respond positively to protein
supplementation than trained males. Similarly, protein supplementation more frequently
reduced symptoms of muscle soreness following concentric than eccentric exercise. Therefore,
both training status and muscle contraction type may influence muscle soreness responses to
protein supplementation. Investigating these factors may allude to muscle soreness
mechanisms, although current understanding is hindered by the varied assessment methods
used, for example, different rating scales, participant positioning, pressure algometry, muscle
palpation, passively, or actively with mixed forms of activity. Such inconsistencies might
explain why muscle soreness is argued to poorly reflect EIMD (Nosaka et al., 2002,). Until
optimal and consistent methods for assessing muscle soreness are employed, data should be

treated cautiously.

Post-exercise muscle strength decrements debilitate future exercise quality for up to 7 days
(Byrne & Eston, 2002; Farup et al., 2014). This review has demonstrated that peri-exercise
protein consumption can reduce muscle strength loss and accelerate the recovery of muscle
function. Therefore, high-quality exercise may be resumed faster with the aid of protein
consumption compared to carbohydrate-based or no peri-exercise nutritional strategy.
Currently, the use of protein as an exercise nutrition strategy is recommended for muscle
recovery, repair, and growth, due to its stimulatory effects on post-exercise MPS rates (Tipton
et al., 1999), which are augmented by protein consumption relative to exercise alone (Moore
etal., 2009). It follows that peri-exercise protein consumption may be recommended as a multi-
purpose nutritional aid — assisting in the management of muscle damage and repair processes.
This dual-target strategy could help lift financial, time, and resource constraints, as opposed to

following multiple dietary and/or physiotherapeutic strategies serving individual purposes.
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It is unclear how protein supplementation may reduce muscle strength decrements following
exercise and here, protein ingestion was only beneficial for isometric MVC at 96 h post-
exercise. One explanation is that MPS is augmented by protein relative to carbohydrate
ingestion during the later (72-168 h) but not earlier (24-72 h) recovery period after EIMD
(Pavis et al., 2021). By this means, repair and remodelling of muscle proteins and restoration
of muscle function may occur at an accelerated rate with protein supplementation. However, it
is difficult to explain why protein supplementation benefited isokinetic but not isometric MVC
at 24-72 h post-exercise. These outcomes appear predominantly due to one influential study
(Philpott et al., 2018), though nonetheless could relate to the magnitude of strength decline,
which was typically lower for isokinetic compared with isometric MVVC. The pathways by
which protein ingestion acts to attenuate EIMD warrant investigation, though notably, factors

other than post-exercise amino acid availability play a role (Pavis et al., 2021).

Much research on protein nutrition, particularly related to MPS, has sought to establish the
optimal type, dose, and timing of protein consumption to maximally stimulate post-exercise
MPS rates (Witard et al., 2016). Although, this has not been the case for EIMD. The present
review identified no discernible effects of protein ingestion timing, type, dosage (ranged 5-104
g), or days of supplementation on EIMD (Figure S3.1). However, other inter-study differences
in methodological design, for example the exercise protocol, sample demographics, and
measurement tools may limit the ability to compare protein supplementation protocols between

trials.

This review identified few trials that compared protein supplementation strategies while being
matched for other methodological detail. Before or after eccentric leg extension exercise, 23 g
of whey protein plus 75 g of carbohydrate was provided to untrained males by White et al.
(2008), which had no impact on EIMD, irrespective of supplementation timing. Likewise, there
were no differences in EIMD between groups when a large dose (1.5 gekgBM™) of whey
protein was consumed pre, post, or pre and post exercise by untrained males (Kim et al., 2017).
In a series of experiments with comparable methodological design, the impact of various milk
protein feeding strategies on EIMD in trained males performing leg-based resistance exercise
was examined by Cockburn and colleagues. No significant interactions between EIMD markers
and milk protein timing (pre, post, or 24 h post-exercise), dosage (17 or 34 g), or type (milk or
flavoured milk plus carbohydrate) were found by these authors (Cockburn et al., 2008; 2010;
2012). Similarly, the ingestion of flavoured milk relative to an isonitrogenous dose of whey

protein hydrolysate by trained males did not impact muscle damage following whole-body
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resistance exercise (Gee et al., 2019). Conversely, the type of ingested protein was indicated to
influence EIMD by Buckley et al. (2010).

It was noted by Buckley and colleagues (2010) that maximal isometric strength was preserved
at 6-24 h following maximal eccentric exercise when hydrolysed whey protein, but not isolated
whey protein or flavoured water, was consumed post-exercise by untrained males. This finding
was unusual, especially as there were no between-group differences in peak strength
decrements at 0—2 h post-exercise, nor in other EIMD markers. Another anomaly was the
tendency for maximal strength to undergo a second decrease from 6 to 24 h following whey
isolate ingestion, while maximal strength of the placebo group gradually returned to baseline.
It was proposed by the authors that the hydrolysed whey protein accelerated strength recovery
relative to non-hydrolysed protein by means of stimulating muscle repair processes. However,
this theory seems unlikely, given that isolated whey protein stimulates increased post-exercise
MPS rates (Borack et al., 2016; Burd et al., 2012; Macnaughton et al., 2016; Yang et al., 2012).
Furthermore, comparable isometric strength reductions and recovery rates after eccentric
exercise with ingested whey hydrolysate, whey isolate, and flavoured water were observed in
a similar study (Dale et al., 2015). Supporting data (Saracino et al., 2020) make it challenging
to explain the outcomes of Buckley (2010); thus, the impact of protein hydrolysis on EIMD
warrants further investigation. To ascertain the importance of protein feeding type, timing, and
dosage for the management of EIMD, further studies with comparable methodologies are
required. Due to the apparent lack of difference between isolated and whole-food sources of

protein, future studies should adopt a food-first approach where feasible.

The food-first approach aids the achievement of multiple nutrient requirements; however,
meeting protein intake goals using this approach may be challenging for some protein types.
Accordingly, the ‘food first but not always food only’ approach has been advocated (Close et
al., 2022). Plant-based proteins present a challenge, as they necessitate consumption of larger
food volumes to achieve protein requirements. For example, 20 g of milk protein can be
obtained through ~200 g of dairy yoghurt, while ~500 g of soya yoghurt is required to obtain
20 g of soy protein. Alternatively, a single-serve of isolated soy protein conveniently provides
an isonitrogenous dose. Plant-based diets are growing in popularity, due to various health,
environmental, ethical, and economic benefits (Fehér et al., 2020). Although, the impact of
plant-based proteins on EIMD is uncertain. Three studies considered the impact of plant- versus
animal- based proteins on resistance EIMD in untrained males in the present review (Hasegawa

et al., 2014; Nieman et al., 2020; Saracino et al., 2020). Water or 20 g of egg white or isolated
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soy protein was provided to participants by Hasegawa and colleagues (2014) preceding whole-
body resistance exercise. Serum [CK] and muscle soreness significantly increased 30 min and
24 h post-exercise, respectively, with no between-group differences. It was found by Nieman
et al. (2020) that ~24 g of isolated whey, but not pea, protein consumed before and after whole-
body exercise and pre-sleep for 4 d attenuated serum [CK] elevations at 72—96 h post-exercise
compared to water consumption. Nonetheless, relative to water, neither protein source reduced
muscle strength, endurance, and power decrements nor muscle soreness. Here, the
ineffectiveness of plant-based proteins for reducing EIMD might be attributed to their single-
source origin. Plant-based proteins, including soy, rice, and wheat, have been scrutinised as
inferior in quality to animal-based proteins, due to their lower essential amino acid content
(Gorissen et al., 2018) and bioavailability (van Vliet et al., 2015). Ingesting a larger dose
(Gorissen et al., 2016) or a blend (Kouw et al., 2021; Pinckaers et al., 2022) of plant-based
proteins provides the amino acid profile required to stimulate increased MPS rates. In this
review, only one study (Saracino et al., 2020) compared the effect of a plant-based protein
blend on EIMD with whey protein isolate, whey protein hydrolysate, and a non-isoenergetic
control. EIMD was unaffected by peri-exercise ingestion of a 25-40 g protein dose, irrespective
of source, which was perhaps partly due to the equivalent daily total protein intakes between
groups. Further investigation of plant- versus animal- based proteins and single-source versus
blended plant-based proteins from isolated and whole-food sources is needed to determine the

relevance of protein quality in EIMD.

The present findings on the efficacy of ingested protein for muscle function restoration
following resistance exercise are consistent with Davies and colleagues (2018). This meta-
analysis (n = 13 trials) reported small-medium beneficial effects of whey protein consumption
<24-96 h post-exercise. However, peak isometric knee extensor strength was the only outcome
considered, and without corroboration from other EIMD markers, these data have narrow
application. Further, varied control groups were included (water, carbohydrate, milk, and
collagen proteins), making inter-trial generalisability unreasonable. Conversely, the impact of
a range of protein- and amino acid- based supplements on EIMD outcomes (muscle function,
soreness, CK, LDH, Mb) for up to several weeks following endurance or resistance exercise
was examined in the systematic review by Pasiakos et al. (2014). Minimal evidence supporting
a benefit of protein supplementation for post-exercise recovery of muscle function and soreness
was found by these authors; however, they acknowledge that divergencies in study design

regarding protein supplementation and exercise protocols limit their observations. In contrast,
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an overall advantage of consuming protein for muscle function was identified in the present
review, which may reflect the tighter study inclusion criteria (resistance exercise only,
separation of muscle functional markers, exclusion of amino acid-based supplements).
Seemingly, broad criteria for study inclusion may mask beneficial effects of protein

supplementation for EIMD, especially when small sample sizes prevent sub-group analysis.
3.5.1. Limitations

Several limitations may have affected the outcomes and application of the present review. From
the pool of studies, five were considered low/fair quality and therefore susceptible to bias,
which can exaggerate treatment effects (Pildal et al., 2007). The main PEDro criteria that
studies failed to meet were lack of double blinding, which can induce bias; completion of >1
outcome by 85% of participants; and receipt of allocated treatment. However, failure to meet
these criteria was often assumed, due to a lack of methods reporting. Other limitations arose
from the supplementation strategies and study designs employed. Control supplements were
varied (artificial sweetener, water, flavoured water, electrolytes, glucose, maltodextrin,
dextrose, and no supplement (Hirose et al., 2013; Karakus & Akkurt, 2020; Kim et al., 2017;
West et al., 2017)), and mostly, not isoenergetic to protein supplements; thus,
energy/carbohydrate content may have confounded protein effects. A range of protein doses
were given, potentially increasing heterogeneity of the study pool. Two studies (Cooke et al.,
2010; Kim et al., 2017) prescribed protein dose relative to body mass (1.5 gekgBM™?) resulting
in large doses (~104 g), although most studies provided a standard dose (17-42 g).

Eight studies were possibly limited by their adoption of crossover designs. Due to RBEs
associated with EIMD (Fridén et al., 1983; Hough, 1902; Schwane & Armstrong, 1983),
responses to repeated exercise were likely attenuated, particularly in untrained participants
(Burnley et al., 2010; Hasegawa et al., 2014; Hirose et al., 2013) and with insufficient washout
periods (1-2 wk) (Bird et al., 2013; Burnley et al., 2010; Grubic et al., 2019; Hasegawa et al.,
2014; Naclerio et al., 2020; West et al., 2017). Notwithstanding, all crossover studies

counterbalanced treatment order, which should limit order effects and the impact of RBEs.

Regarding the meta-analyses, ESs were not obtained for all variables in each trial due to
insufficient data reporting. However, no apparent differences existed in the outcomes of
included or excluded trials. Data extraction from figures may have been inaccurate, resulting
in over/underestimated treatment effects. Furthermore, when sample size was not reported for

each variable and time-point, a consistent sample size was assumed, which if inaccurate could
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have altered true effects. Variables with different assessment methods (e.g. active and passive
soreness) were pooled to maximise k for meta-analyses; however, this might have impacted
overall treatment effects. This review considered only four variables and hence provided scope
for future meta-analyses to examine protein supplementation effects on other markers of
EIMD. Moreso, due to its large-scale, amino acid-based supplements were not considered in
this review, which may have offered beneficial sub-analysis. Finally, as the study samples were
94% young male, the outcomes of this review may be inapplicable to older adults and females.

3.5.2. Future Directions

The limited understanding of the impact of protein supplementation for resistance EIMD
management in females should be addressed by conducting high-quality research with females
or both sexes. Additional investigation of various protein types (particularly plant-based),
timing, and dosing strategies would help inform protein nutrition guidelines for EIMD
management. Establishing optimal methods for assessing EIMD in experimental models
requires investigation, as methodological inconsistencies across current studies are hindering
knowledge progression of EIMD mechanisms and management strategies. To benefit future
research, standardised methodologies (e.g. consistent measures, measurement time-points,
assessment tools) should be practiced, increasing the generalisability and application of
outcomes and data inclusion in topical reviews and meta-analyses. Where feasible, cross-over
designs with sufficient wash-out period and, when relevant, unilateral limb models should be
employed to limit heterogeneity, although when dietary interventions are concerned, parallel
designs may be appropriate. Furthermore, data reporting and transparency issues are limiting
study inclusion in meta-analyses and obstructing accurate and representative conclusions being
drawn. Accordingly, a framework is proposed outlining data reporting guidance to increase

inclusion of primary data in meta-analyses (Table 3.3).
3.5.3. Conclusions

This systematic review with meta-analysis aimed to ascertain what the current literature
suggests about the overall impact of dietary protein on resistance exercise-induced muscle
damage. It was demonstrated by this study that peri-exercise protein consumed by young males
reduced maximal strength decrements and lowered [CK] following acute resistance exercise
but did not benefit muscle soreness. These outcomes were seemingly unaffected by the type,
timing, frequency, and dose of ingested protein, though may have been affected by the exercise

protocol and sample training status, with further examination required. An absence of female-
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focussed research and a limited number of studies examining plant-based protein sources was
identified in this review, which warrant future research priority. Developing evidence-based
EIMD management strategies is impeded by methodological inconsistencies across studies,
particularly pertaining to EIMD assessment methods. The need for standardised and
transparent data reporting in EIMD research was highlighted in this review and a guiding
framework has been proposed. Overall, several contributions to knowledge and practical
applications were made by this study: dietary protein was indicated to be an effective
management strategy for resistance EIMD in males, and therefore, should be consumed peri-
exercise to enhance recovery; data from females are lacking, and so, future research should
prioritise the inclusion of female participants; and methodological inconsistencies limit the
ability to achieve consensus regarding EIMD management strategies and hence, future studies

should adopt standardised methods where feasible.

Table 3.3. A framework of data reporting guidelines for primary research to increase inclusion in
meta-analyses

Proposed guidelines for data reporting in primary research

Authors should provide supplementary data files of all gathered data where feasible

When measures are conducted at multiple time-points, authors should strive to report the
mean change and variance between time-points (not just mean and variance data at each
time-point)

Where feasible, baseline data for all measures should be obtained and reported

The acquired sample size for each variable at each time-point should be reported (these data
could be included in figure legends or supplementary files)

Studies conducted with participants of both sexes should report male and female data
separately (even if the analysis of sex differences is not an outcome of the study)

Authors should report the methods used relating to study quality, e.g. randomisation,
blinding, allocation concealment. If no consideration has been given to these methodological

factors, this should be stated.
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3.6.0. Supplementary Materials
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Table S3.1. Magnitude of exercise-induced muscle damage

Supplement  Peak change from EIMD

Reference Hedges’ g effect size

group baseline (%) magnitude

Isometric MVC

Buckley et al. (2010) Protein -19.3+8.6 Mild 0.05 [-0.06, 0.15]
Protein () -30.2+8.8 Moderate -0.53 [-0.84, -0.23]
Control -20.2 £23.7 Moderate

Cooke et al. (2010) Protein -12.5+13.8 Mild 0.64 [0.26, 1.02]
Control -21.0+£11.0 Moderate

Dale et al. (2015) Protein () -224+49 Moderate -0.42 [-0.65, -0.19]
Protein () -23.5+34 Moderate -0.82 [-1.24, -0.40]
Control -20.4 +3.8 Moderate

Draganidis et al. (2017)  Protein -27.4" Moderate 0.91[0.51, 1.31]
Control -39.6" Moderate

Farup et al. (2014) Protein -24.2 +18.7 Moderate 0.27 [0.06, 0.48]
Control -28.7+12.8 Moderate

Ives et al. (2017) Protein -22.1+10.4 Moderate 0.25 [0.07, 0.43]
Control -25.8+17.6 Moderate

Kim et al. (2017) Protein -56.7£15.1 Severe 0.31 [0.04, 0.58]
Protein () -59.7 £ 20.0 Severe 0.11 [-0.05, 0.28]
Protein ( -60.8 £18.8 Severe 0.06 [-0.06, 0.18]
Control -62.2+12.4 Severe

Isokinetic MVC

Cockburn et al. (2010) Protein () -22.0+14.0 Moderate 0.06 [-0.06, 0.19]
Protein () -7.0 £30.0 Mild 0.46 [0.13, 0.80]
Protein () -16.0 £24.0 Mild 0.3[0.03, 0.57]
Control -27.0+£42.0 Moderate

Cockburn et al. (2012) Protein -14.0+£155 Mild 0.13[-0.05, 0.31]
Protein () -12.5+£14.0 Mild 0.2 [-0.02, 0.42]
Control -17.0£26.5 Mild

Cooke et al. (2010) Protein -8.6£17.7 Mild 0.37 [0.08, 0.66]
Control -140+7.1 Mild

Philpott et al. (2018) Protein -9.7+9.6 Mild 1.34[0.84, 1.85]
Control -30.0+£5.8 Moderate

Rankin et al. (2015) Protein -11.4+25.4 Mild 0.7 [0.41, 0.98]
Control -29.1+£24.2 Moderate

The magnitude of exercise-induced muscle damage (EIMD) is based on the peak percent reduction from
baseline in isometric (k = 11) and isokinetic (k = 8) maximal voluntary contraction (MVC) and
categorised as mild (<20% MVC reduction), moderate (20-50% MVC reduction), or severe (>50%
MVC reduction) as per Paulsen et al. [54]. Only trials included in the meta-analyses are presented
alongside the Hedges’ g effect size at the time-point of peak MVC change; data expressed as mean +

standard deviation (SD); *SD not reported in manuscript (g calculated from reported ES).
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3.7.0. Link to Next Chapter

A near absence of sex-comparative and female-focussed research on the impact of protein
supplementation on resistance EIMD was identified by this systematic review, and to this end,
an RCT including both males and females was conducted in this thesis in attempt to address
this gap. It was also highlighted by this systematic review that most experimental EIMD
protocols have been extreme and unrealistic of habitual training practices. It was deemed
important for this thesis to investigate the magnitude of muscle damage that would be
encountered by ‘real-world’ exercisers and whether the response to protein ingestion differed
to when severe EIMD was induced. Furthermore, a distinct influence of protein type on muscle
damage responses was not found by the meta-analysis, and given that current sport nutrition
guidelines advocate a food-first approach, this thesis wanted to examine the effect of a whole-

food dietary staple protein source on EIMD.
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CHAPTER 4 Milk Protein Ingestion does not Enhance Recovery from Muscle-Damaging
Resistance Exercise in Untrained Males and Females: A Randomised Controlled Trial

4.1.0. Prelude

This thesis aimed to establish a convenient and easily accessible EIMD recovery strategy for
novice exercisers in an attempt to increase long-term adherence to exercise training that is
needed for chronic muscle adaptation. It was considered important that the dietary intervention
be not too far removed from habitual dietary practices, by involving a commonly consumed
dairy product — again, with the rationale of promoting adherence. Many previous studies of this
nature have involved isolated protein sources, and when applying these outcomes to real-world
settings, may lack appeal to those unfamiliar with consuming dietary supplements, particularly
in powder or gel form. Further, it was hypothesised that sex differences in EIMD responses
would be apparent and to this end, males and females were recruited for the RCT. Determining
whether sex differences also exist in EIMD responses to protein ingestion by sub-grouping

males and females within the supplement conditions was considered valuable.

Moreover, in attempt to ascertain the potential factors governing sex differences in EIMD, this
chapter considers the interplay between body composition and muscle damage. Importantly,
regional as well as total body composition outcomes were analysed for associations with peak
changes in EIMD markers, as it was hypothesised that greater muscle mass of the exercised
limb may equate to greater muscle damage. Given that males tend to possess greater muscle
mass than females, this hypothesis was tested to help explain the sex differences identified
within this chapter. Accordingly, correlational analyses were conducted separately for males

and females.

A modified version of this chapter has been published in Applied Physiology, Nutrition, and

Metabolism.
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4.2.0. Introduction

Milk-based foods provide a rich source of carbohydrate, micronutrients, and a complete amino
acid profile, and therefore, may optimise exercise recovery (James et al., 2019). Cow’s milk
stimulates comparable rates of muscle glycogen resynthesis (Ferguson-Stegall et al., 2011) and
rehydration (Seery & Jakeman, 2016) following cycling exercise compared with carbohydrate
ingestion. Due to its essential amino acid content, particularly leucine (Rafiq et al., 2016), milk
protein has been a common choice of post-exercise nutrition to stimulate MPS (Wilkinson et
al., 2007). The amount of protein required to maximally stimulate MPS rates after leg-based
exercise (20 g) (Moore et al., 2009; Witard et al., 2014) can be conveniently achieved with the
ingestion of ~555 mL of cow’s milk or as little as 170 g of dairy yoghurt. By frequently
elevating MPS rates, regular milk protein consumption alongside resistance training can
promote exercise training adaptations (Hartman et al., 2007; Josse et al., 2010). Therefore, milk

protein may offer an ideal nutritional aid to optimise several domains of post-exercise recovery.

One exercise recovery component that may be modulated by milk protein consumption is
EIMD. Exercise-induced muscle damage is a consequence of unaccustomed or eccentric
muscle contractions (Stauber, 1989) and is therefore a particular risk to individuals naive to
resistance exercise. Exercise-induced muscle damage is characterised by a temporary reduction
in skeletal muscle functional capacity; the release of intramuscular proteins into the circulation;
and perceived feelings of muscle soreness (Allen, 2001; Clarkson & Hubal, 2002; Morgan et
al., 1996; Pyne, 1994; Warren et al., 1999), which may prolong exercise recovery and limit
future training quality. Acute, severe muscle damage can hinder chronic muscle adaptations to
exercise (Damas et al., 2016p; Eriksson et al., 2006; Foley et al., 1999; Lauritzen et al., 2009),
although, whether mild muscle damage is a prerequisite for exercise adaptation by preparing
the muscle for future hypertrophy warrants investigation (Damas et al., 2018). Experimental
models of EIMD typically incorporate extreme exercise stimuli to maximise damage and do
not reflect the magnitude of muscle damage that occurs during habitual training (i.e. milder).
Therefore, examination of mild muscle damage induced by physiologically relevant exercise

protocols is warranted.

The impact of ingested milk protein on the management of EIMD is equivocal. Following
unilateral leg flexions with post-exercise consumption of cow’s milk, proving 34 g of protein,
markers of EIMD were assessed in trained males by Cockburn and colleagues. The

consumption of cow’s milk attenuated maximal strength decrements and serum [CK]
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elevations compared with post-exercise carbohydrate ingestion (Cockburn et al., 2008).
Subsequent studies demonstrated that consuming half the quantity of cow’s milk (17 g of
protein) was sufficient to attenuate symptoms of EIMD (Cockburn et al., 2012; 2013). While
supporting data have been provided (Draganidis et al., 2017; Norikazu et al., 2013), others
reported no differences in muscle soreness, MVC, or serum CK with the ingestion of milk
protein versus carbohydrate beverages (Gee et al., 2019; Rankin et al., 2015; Wojcik et al.,
2001). Further, the influence of milk protein ingestion timing in relation to exercise is unclear
(Cockburn et al., 2010). Therefore, the optimal amount, timing, and source of milk protein to

ingest in relation to exercise for the management of EIMD is currently uncertain.

Most research has been conducted with males, despite several reports of sex differences in
EIMD (Fernandez-Gonzalo et al., 2014; Fredsted et al., 2008; Kerksick et al., 2008; Minahan
et al., 2015; Sewright et al., 2008; Stupka et al., 2000). Only one study has examined EIMD
responses to milk protein ingested by trained, young adults of both sexes (Rankin et al., 2015).
Cow’s milk was ingested following maximal eccentric knee flexion exercise and compared
with an isoenergetic carbohydrate beverage. A beneficial effect of milk consumption on the
change in peak torque and passive muscle soreness up to 72 h post-exercise was experienced
by females, while it was unclear whether milk consumption was beneficial in males, indicating
a sex-dependent response. Evidently, data extrapolated from males is not commensurate with
females, and therefore, further research conducted with both sexes into the management of
EIMD is warranted.

One factor that may be implicated in the disparate EIMD responses between sexes is body
composition. Body composition, notably skeletal muscle mass, displays marked differences
between males and females (Abe et al., 2020; Kuta¢ & Sigmund, 2017; Miller et al., 1993;
Santos et al., 2013) and has been investigated in an attempt to explain the inter-individual
variability and contributing factors of EIMD (Bekkelund & Jorde, 2018; Comstock et al., 2013;
Yoon & Kim, 2020). Individuals with greater muscle mass, particularly males compared with
females, have experienced heightened serum [CK] following damaging exercise (Hicks et al.,
2016; Minahan et al., 2015; Sewright et al., 2008). Considering serum [CK] predominantly
reflects CK efflux from skeletal muscle (Baltusnikas et al., 2015), it may be speculated whether
the higher [CK] in males than females is due to their greater muscle mass. At rest, serum [CK]
is poorly associated with absolute muscle mass in both sexes (Bekkelund & Jorde, 2018;
Norton et al., 1985; Novak & Tillery, 1977; Swaminathan et al., 1988). However, the impact

of muscle mass on [CK] following exercise is not well understood, largely because most studies
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have used invalid estimations of muscle mass, e.g. skinfold thickness measurements. Studies
using more valid assessment methods (DXA, BIA, and air displacement plethysmography)
have found no association between muscle mass and post-exercise [CK] or other markers of
EIMD in trained (Fernandes et al., 2020) or untrained (Kim & Lee, 2015) males. Nonetheless,
owing to sex-specific EIMD responses (Fredsted et al., 2008; Hicks et al., 2016; Kerksick et
al., 2008; Minahan et al., 2015; Sewright et al., 2008), the relationship of muscle mass and
EIMD may differ in females, which has not yet been investigated.

Adipose tissue may also play a role in EIMD responses. Overweight males and females have
appeared more susceptible to EIMD than healthy weight individuals (Kim & So, 2018;
Paschalis et al., 2010; 2013), which has been attributed to excess adiposity (Hickner et al.,
2001; Kim & Lee, 2015). Excess body fat or dietary fat overconsumption can increase the
saturation of fatty acyl chains within the sarcolemma, which in turn increases phospholipid
packing density (Andersson et al., 2002; Hazel & Williams, 1990). As a consequence, myofibre
membranes become too rigid, rendering them weaker and more vulnerable to damage
(Knoblauch et al., 2013). Exercise-induced membrane damage increases intramuscular CK
release into circulation, which has shown to be greater in males and females with higher
compared to lower BF% (Heled et al., 2007; Kim & Lee, 2015; Margaritelis et al., 2019;
Paschalis et al., 2010; 2013). Furthermore, adipose tissues are the source of various pro-
inflammatory cytokines including TNF-a, IL-1p, and IL-6 (Fonseca-Alaniz et al., 2007), which
have been implicated in EIMD (Konrad et al., 2011; Paulsen et al., 2012; Pyne, 1994; Zhang
et al., 2020). Exercise-induced local inflammation is a probable contributor to muscle swelling
and soreness (Nosaka & Clarkson, 1996,; Philpott et al., 2018), which can be increased to a
greater extent in overfat relative to lean males and females following eccentric exercise (Kim
& Lee, 2015; Margaritelis et al., 2019; Paschalis et al., 2010; 2013). Therefore, individuals
with higher BF% may experience augmented post-exercise inflammation and myofibre

membrane damage, contributing to symptoms of EIMD.

Myofibre damage occurs exclusively to the exercised muscle (Armstrong et al., 1983,
Carpenter & Karpati, 1989; Ogilvie et al., 1988) and hence the relationship of regional body
composition and EIMD is of interest. While some markers of EIMD, such as blood biomarkers,
are obtained systemically, most are obtained locally from the site of injury, i.e. the exercised
limb, including measures of flexibility, strength, swelling, and soreness. Therefore, the body
composition of the exercised region may impact these local EIMD markers. To this end,

midthigh lean tissue area was estimated from measures of leg circumference and skinfold
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thickness, and body fat was calculated from measures of residual volume and body density by
Hickner et al. (2001). These authors reported a positive association between the fat mass-to-
midthigh lean tissue area ratio and the decline in maximal strength, but not muscle soreness
nor [CK], 48 h following downhill running exercise performed by trained males. Hence,
indicating that local EIMD markers may be impacted by the body composition of the exercised
region. However, this relationship has yet to be explored in females and untrained males using

more direct, valid assessments of regional body composition.

To address these knowledge gaps and help bridge the sex data gap, the present study held three
aims: (1) to investigate the impact of milk protein ingestion on recovery from muscle damaging
resistance exercise, (2) to ascertain whether EIMD responses differ between untrained males
and females, and (3) to explore the relationship of EIMD and DXA-derived total and regional

body composition.
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4.3.0. Methods
4.3.1. Experimental Design

A randomised, single-blind, parallel group trial examined the impact of milk protein ingestion
on indirect markers of muscle damage during 7 days of post-exercise recovery. Following
initial eligibility screening, participants attended two familiarisation sessions to assess maximal
leg strength and body composition. Participants were then equally randomised by drawing a
folded piece of paper labelled ‘A’ or ‘B’ from an opaque envelope to a milk protein (MILK-
PRO: Female-PRO, n = 8; Male-PRO, n = 4) or control (CON: Female-CON, n = 8; Male-
CON, n = 4) group. A three-week period separated the familiarisation and muscle damage
exercise sessions to reduce the influence of RBEs and standardise MC phase in females.
Participants consumed one dose of their allocated supplement pre-exercise and 16 doses over
5 days post-exercise. Venous blood samples and measures of limb circumference, ROM, and
muscle soreness were obtained pre, immediately post, and 24, 48, 72, and 168 h post-exercise.
Maximal leg strength was measured at +72 and +168 h. All study procedures were conducted
in the Human Performance Laboratory, Truscott Imaging Suite, and Fitness Centre at Durham
University. The study was approved by the Tyne and Wear South NHS Research Ethics
Committee (21/NE/0073) and the Department of Sport and Exercise Sciences Research Ethics
Sub-Committee, Durham University, and all participants provided signed informed consent.
This trial was prospectively registered at ClinicalTrials.gov PRS (protocol I1D: 290580A). The
study design is presented in Figure 4.1.

-28d -25d Pre Oh Post +24 h +48 h +72h  +168h

Diet & Activity

80% 1RM

record 3 sets to failure

(MILK-PRO or CON) E % % % % %

x1 X3 x4 x4 x4 x1
DXA %
1RM + + + +
Bloods (] (] [ ] () [ ] (]
Limb circ. 0 0 0 0 0 0
ROM A A A A A A
Muscle
sSoreness T T T T T T
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Figure 4.1. Study design.

DXA = dual-energy X-ray absorptiometry; 1RM = one repetition maximum; limb circ. = limb
circumference; ROM = range of motion. MILK-PRO = milk-protein supplement (milk-based yoghurt)
providing 20 g of protein; CON = control supplement (isoenergetic oat-based yoghurt).

4.3.2. Participants

A statistical power analysis was conducted using G*Power 3.1 to determine the study sample
size. The power calculation was based on a similar study by Cockburn et al. (2008), which
reported a significant difference in the change in isokinetic MVVC from baseline between milk
protein and carbohydrate groups of 25%. The calculation revealed that 5 participants per group
(20 total) were required to have 80% power to detect significant between-group differences
when using a dependent t-test with 0.05 two-sided significance level. Therefore, 24 participants
were required to allow for 20% dropout.

Twenty-five healthy, untrained participants volunteered and were eligible for this study, and
24 completed the study (females: n = 16; age 23.9 £ 4.7 y; 44% White, 44% Asian, 12% other,
males: n = 8; age 26.1 £ 5.6 y; 63% White, 37% other). Two participants failed to attend one
laboratory visit (+168 h) due to illness. An additional 6 participants (n = 4 female, n = 2 male;
age 27.3 = 5.0 y) volunteered to receive repeat body composition assessments and were
included in the DXA precision error assessment. Participants met the following inclusion
criteria: free from musculoskeletal disorders and injury; do not habitually (twice per week for
previous one-month period) consume nutritional supplements, ergogenic aids, or non-steroidal
anti-inflammatory drugs; do not frequently engage in therapies that may alleviate muscle
damage (e.g. massage, cryotherapy); and have not performed resistance or eccentric exercise
during the previous 6 months. Female participants were naturally menstruating (self-reported
regular MC during the previous 12 months) or used HCs (n = 2 MILK-PRO, n = 2 CON:

combined pill, progesterone-only pill, or Depo-Provera injection) and not pregnant.
4.3.3. Baseline Assessments and Familiarisation

Participants completed an online health and readiness to exercise questionnaire. For naturally
menstruating females, all baseline and experimental measurements were conducted during the
late follicular phase of the MC (days 5-11). Cycle phase was estimated from self-reported data
on timing and duration of menses, and sessions were conducted as close as feasible following

the last day of menses. For males and female users of hormonal contraceptives, measurements
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were conducted at any time due to the inability to estimate pseudo cycle phase (i.e. due to
absence of withdrawal bleed).

Maximal strength was assessed with a 1RM test (Baechle & Earle, 2008) at -28 d, which served
as a familiarisation session, and repeated at -25 d to confirm 1RM (McCurdy et al., 2004; Ritti-
Dias et al., 2011). Participants were demonstrated the correct form for using the leg extension
and leg curl exercise machines (Versa leg extension/leg curl, Matrix, Wisconsin, USA) before
completing a warm-up set with a light load (10 repetitions, easily performed). The exercise
load was progressively increased by 10-20% for each successive single full repetition attempt
, with a 3 min inter-set rest period. Following a failed attempt, the exercise load was reduced
by 5-10% until 1RM was established. This protocol was completed using the leg extension and
then leg curl machine with 5 min rest between exercises. The test-retest reliability of the 1RM
protocol has been reported as good to excellent [median intra-class correlation coefficient
(ICC) =0.97; CV = 4.2%], independent of sex, age, and training experience (Grgic et al., 2020).

Body composition was assessed using DXA (Lunar iDXA, GE Healthcare, Madison, WI) at -
25 d. Participants followed a standardised pre-scan protocol (Hind et al., 2018; Nana et al.,
2015) and were measured wearing minimal, metal-free clothing (e.g. t-shirt and shorts) and
with jewellery removed. Body mass was measured to the nearest 100 g and stature to the nearest
mm (Seca Weighting and Measuring Systems, Birmingham, UK). Participants were positioned
centrally and supine on the DXA scan bed with hands in a mid-prone position and head in the
frankfort plane. Two scans were completed after re-positioning to enable calculation of
precision error. Total body mass, LBM, fat mass, BF%, and bone mineral content (BMC) were
derived. Precision error [coefficient of variation (CV%) (Root Mean Square SD)] was 0.98%
(0.152 gecm®), 0.37% (0.162 gecm™), and 0.41% (0.169 gecm) for the assessments of fat
mass, FFM, and LBM, respectively. Regional body composition was analysed by manually
selecting the region of interest (exercised limb; upper-leg) using the DXA software system
(enCORE V.18, GE Healthcare). The segmental lines were placed at the lower and upper ends
of the trochanterion-tibiale lateral site as per Figure 4.2 to encompass the quadricep and
hamstring muscles and surrounding fat tissue. Manually selecting regions of interest for lower
extremities is highly reliable (r = 0.95-0.98) (Lohman et al., 2009).
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Figure 4.2. DXA scan output depicting the region of interest for the analysis of regional body

composition.

4.3.4. Physical Activity and Dietary Control

Participants recorded habitual activity and dietary intake for 3 random days during the 3-week
wash-out period (baseline dietary intake). Three hours before attending the laboratory for the
experimental trials (+0-72 and +168 h), participants were guided to consume a standardised
breakfast (238 kcal, 8 g protein, 45 g carbohydrate, 3 g fat) alongside their supplement. Besides
the prescribed breakfast and supplement, participants consumed their habitual diet, which was
assessed with 24-hour dietary recalls at each visit. Participants were instructed to abstain from
the use of non-steroidal anti-inflammatory drugs, strenuous exercise, engagement in massage
or cryotherapy, and the consumption of alcohol, additional protein supplements to those
provided, vitamin and mineral supplements, and ergogenic aids during the study period.

Dietary intake was analysed using Nutritics software (Nutritics, Dublin, Republic of Ireland).

4.3.5. Supplementation
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The experimental supplement was a milk-protein based yoghurt (MILK-PRO; Arla Foods Ltd,
Skyr Icelandic style yoghurt, strawberry) and the control intervention was an isoenergetic oat-
based yoghurt (CON; Oatly AB, Oatgurt, strawberry) (Table 4.1). Participants consumed 4
doses per day of their allocated supplement at ~4 h intervals during +0—72 h and one dose on
the morning of +168 h (17 doses in total). Supplements were indistinguishable in taste, texture,
and appearance and were provided by the lead researcher in plastic pots labelled ‘A’ or ‘B’ to

ensure participant blinding.

Table 4.1. Nutritional composition of the yoghurt supplements. MILK-PRO = milk-protein supplement
(milk-based yoghurt); CON = control supplement (isoenergetic oat-based yoghurt)

MILK-PRO CON
Per 100 g Per dose (208 g) Per 100 g Per dose (150 g)
Energy (Kcal) 73 152 101 152
Protein (g) 9.6 20 1.4 2.1
Carbohydrate (g) 7.4 15.4 16 24.1
Fat (9) <0.5 <1 3.2 4.8

4.3.6. Resistance Exercise

Resistance exercise sessions were supervised. The protocol was performed on the leg extension
followed by the leg curl machine, separated by 5 min rest. Participants performed a warm-up
of 10 repetitions at 50% of their pre-determined 1RM. Three sets of each exercise (2 min inter-
set rest) were completed at 80% 1RM to volitional failure. Lifting tempo was targeted as 1 and
2 s for concentric and eccentric phases of muscle contraction, respectively, which naturally
slowed as muscle fatigue increased. Strong verbal encouragement was given to all participants

during exercise.
4.3.7. Muscle Damage Markers

Participants attended the laboratory at approximately the same time each day. The following
assessments were conducted in the same order during each visit (pre, post, +24, +48, +72, +168
h). Blood samples were collected from an antecubital vein of the forearm using standard
venepuncture techniques into three reagent-free vacutainers (10 mL). Limb circumference was
measured using a standard anthropometric measuring tape at the mid-, lower-, and upper-
quartile points of the trochanterion-tibiale lateral site with the participant in a standing position.
The mean value of these three sites was used for analysis. Knee joint ROM was calculated as

the difference between the relaxed and flexed knee joint angle, as measured using a standard
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goniometer with the participant supine. Muscle soreness was rated separately for the quadricep,
hamstring, glute, and calf muscles using a 10-point VRS ranging from ‘0 — not sore at all’ to
10 — extremely sore’ while performing a simple bodyweight squat. Mean soreness was
calculated from these values. Pressure-pain threshold was assessed using a computerised
pressure algometer (Medoc, AlgoMed, Ramat Yishai, Israel) with the participant supine. The
probe head (1 cm?) of the algometer was placed at the mid-, lower-, and upper- quartile points
of the trochanterion-tibiale lateral site and increasing pressure was applied until the participant
verbally indicated pain. The mean value of these three sites was used for analysis. At +72 and
+168 h, the 1RM test was repeated. One-repetition maximum was not assessed at 0—48 h as it
would not align with habitual training practices to perform a maximal strength test between
exercise bouts, and it is advised that untrained individuals perform resistance exercise 2—3
dswk! (i.e. ~2 d rest between sessions) (ACSM, 2009).

4.3.8. Serum Preparation and Analysis

Whole-blood samples were left at room temperature for 30 min before being stored on ice
(maximum 2 h) and then centrifuged at 4 °C with 1100 g force for 15 min. Serum samples were
transferred into 1 mL microcentrifuge tubes and stored at -80 °C until analysis. Diluted samples
(%200 dilution factor) were measured in triplicate for [CK] using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (Abcam plc, Cambridge, UK) and sample
optical density was measured using a microplate reader at a wavelength of 450 nm. Any outliers
within the triplicate measures were excluded prior to calculating the mean of the values for

statistical analyses. The intra-assay precision of this ELISA was 20.7%.
4.3.9. Statistical Analyses

Statistical analyses were conducted using IBM SPSS (version 25, SPSS Inc., Chicago, IL).
Shapiro—Wilk and Levene’s tests were used to assess statistical assumptions and equality of
variances between groups, respectively. Data that violated the assumptions were analysed with
the equivalent non-parametric test (non-parametric variables: exercise, 1RM, VRS, and CK).
Data were analysed with mixed analysis of variance/Kruskal Wallis and Friedman’s tests and
data that violated the Mauchly’s test of sphericity were corrected with Huynh—Feldt. Any
significant interactions were analysed using independent t-tests/Mann—Whitney U for between-
group comparisons and paired t-tests/Wilcoxon signed-rank for within-group comparison.
Bonferroni corrections were used to correct for multiple comparisons. To examine sex

differences, MILK-PRO and CON data were pooled, and data were examined for differences
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between males and females with Mann—Whitney U tests/independent samples t-tests. Paired t-
tests/Wilcoxon signed ranks tests were used to assess the significance of pre-peak changes
(calculated as the group mean of the greatest change from pre-exercise for each participant
individually) in EIMD markers. Hedges’ g ESs with Cls were calculated using the standardised
mean difference between males and females in the change from baseline to each post-exercise
time-point for EIMD markers. Outcomes of total and regional body composition were
independently related to the pre-peak change in each marker of EIMD using Spearman’s Rho
(rs) correlation coefficient. Interpretation of the correlation coefficient was as follows: 0.00—
0.19 = very low association; 0.20-0.39 = low association; 0.40-0.69 = modest association;
0.70-0.89 = high association; 0.90-1.00 = very high association. Statistical significance was
set at p < 0.05. Confidence intervals assume 95% confidence in the range of the mean. Data

are reported as mean = SD unless otherwise stated.
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4.4.0. Results

All participants received the supplement they were allocated at baseline (59% failed to identify
their supplement) and reportedly consumed all doses. Baseline body composition data are
presented in Table 4.2. There were no significant differences in body composition between
MILK-PRO and CON overall, although male-CON had significantly greater LBM than male-
PRO. Males had significantly lower BF% and greater stature, LBM, and BMC than females (p
< 0.01). There were no significant differences in body composition of the dominant compared

with the non-dominant leg in either sex.

Table 4.2. Dual-energy X-ray absorptiometry-derived body composition outcomes

Females Males
(n=16) (n=8)

Total body composition
Stature (cm) 164.5 + 3.7+ 181.5+5.3
Body mass (kg) 60.5 + 10.2° 715+118
Body mass index (kgem?) 224 +3.6 21.7+3.2
Lean body mass (kg) 38.1 + 3.5¢ 53.4+3.8
Fat mass (kg) 20.0+£7.2 149+89
Body fat (%) 33.5+7.3 20.6 +9.7
Bone mineral content (kg) 2.3+0.3% 3.0+0.6
Bone mineral density (gecm?) 1.208 £ 0.102 1.268 £ 0.179
Z-score 1.32£1.22 0.54 +1.97
Regional body composition

Dominant leg
Mass (kg) 75+1.6 8.7+1.8
Lean mass (kg) 4.6 +0.6% 6.7 +0.7
Fat mass (kg) 28+1.1 1.7+£1.2
Fat mass (%) 36.3+7.1* 18.7 +10.2
Bone mineral content (g) 192.8 + 30.5% 272.4 £59.6

Non-dominant leg
Mass (kg) 76+1.6 86+1.8
Lean mass (kg) 4.6 +0.6% 6.6 +0.6
Fat mass (kg) 28x1.0 1.7+£1.2
Fat mass (%) 36.3 £ 7.2 18.9 +10.2
Bone mineral content (g) 191.5 + 28.3% 269.3 +57.6

Data are the mean values of two consecutive scans conducted at baseline (-25 d) and are reported as

the group mean + standard deviation.

"Significantly different to males (p < 0.05); #Significantly different to males (p < 0.01)
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4.4.1. Dietary Intake

Table 4.3 displays dietary intake data. There were no significant differences between groups in
baseline dietary intake except for energy intake (higher in Male-PRO than Female-PRO; p =
0.045). Absolute and relative protein intake increased in MILK-PRO (60.7 g and 1.03 ged"
LakgBM™, respectively) equally between sexes and was unchanged in CON. During
supplementation, the increase from baseline in absolute, but not relative, carbohydrate intake
was significantly greater for CON than MILK-PRO (p = 0.028) with no differences between
sexes. There were no significant effects of time or group*time interactions for fat intake.

Table 4.3. Participants’ dietary intake

Female-PRO Female-CON Male-PRO Male-CON _Overall

time effect

Baseline: dietary intake record (3 days)

(n=7) (n=8) (n=3) (n=2)

Energy (kcal) 1772 + 282 1943 + 303 2457 + 529V 1949 + 14

Protein (g) 725+24.1 746 £22.2 109.6 +£24.0 87.0+0.1

Protein (ged'-kgBM?) 1.3+£05 1.2+04 1.6+04 1.3+0.2

CHO (g) 204.0+21.2 215.0+540 3022+828 201.2+30.1

CHO (ged*skgBM™?) 3.5+0.7 3.5+0.9 42+04 29110

Fat (g) 73.3+£20.3 83.1+21.0 89.1+25.1 778+3.4

Fat (ged*ekgBM™?) 1.3+04 1.4+£04 1.3+04 1.1+£0.3

Supplement period: 24 h recall (3 days)

(n=8) (n=8) (n=4) (n=4)

Energy (kcal) 2164 + 286 2315 £ 455 2721 + 466 2686 +568 p <0.001"

Protein (g) 135.3+12.7 81.1+13.8%¥ 159.7+200 91.2+19.8%* p<0.001"

Protein (gedkgBM?1)  2.4+0.5 1.3+0.3% 2.4+0.2 1.3+0.5%*  p=0.002"

CHO (g) 249.8+481 296.6+59.9 3453+57.7 364.6+1232 p<0.001"

CHO (gedkgBM™) 44+0.8 48+1.1 52+0.9 49+22 p < 0.001"

Fat (g) 64.4+11.8 96.1+27.3Y 77.3+26.8 88.4+9.8 p=0.732

Fat (ged*kgBM™?) 1.1+£0.3 1.6+05 1.2+04 1.2+0.2 p = 0.867

Data obtained at baseline from a 3-day self-reported dietary intake record and during the
supplementation period from 24-hour dietary recalls Overall time effect refers to the corresponding
value at baseline. Data are reported as the group mean + standard deviation. #Significantly different to
Male-PRO (p < 0.01); "Significantly different to Female-PRO (p < 0.05); *Significantly different to
Female-PRO (p < 0.01); “Statistically significant at the level of p < 0.01.

4.4.2. Resistance Exercise

Table 4.4 describes the muscle damage exercise bout. Males performed significantly more
repetitions for sets one and two of leg extension than females. Exercise load and volume was

higher in males compared with females for both exercises (all p < 0.05).
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Table 4.4. Muscle damage resistance exercise bout conducted on day 0

Female-PRO Female-CON Male-PRO Male-CON
(n=8) (n=8) (n=4) (n=4)

Leg extension
Load (kg) 53.7 + 10.6%® 48.1 +10.4%° 81.1+35 82.3+3.5
Set 1 reps 10.8 +5.5 12.1+3.7 15.3+1.9 15.0 2.6
Set 2 reps 0.1+46 9.6+23 11.3+2.2 14.0+1.2
Set 3 reps 8.8+5.1 8.8+35 9.5+0.6 10.3+3.1
Volume (kg)  1481.0 + 624.6*°  1479.8 +457.5*%  2911.7 +254.7 3242.8 +651.3
Leg curl
Load (kg) 40.7 + 6.2 36.2 + 8.5%° 64.4 + 10.0 65.8 + 10.4
Set 1 reps 16.8 6.9 146 £4.9 18.0+3.2 17548
Set 2 reps 146 +4.9 12.4+3.7 19.0 £8.3 12.8+1.9
Set 3 reps 155+8.0 144+7.6 17.0£9.0 11.5+33

Volume (kg) 1882.4 + 71577 1453.3 +428.5*°  3333.9 + 665.9 2707.2 +416.8

Data are reported as the group mean + standard deviation. 7Significantly different to Male-PRO (p <
0.05); #Significantly different to Male-PRO (p < 0.01); “Significantly different to Male-CON (p < 0.05);
SSignificantly different to Male-CON (p < 0.01).

4.4.3. One-Repetition Maximum

Leg extension: Across all groups, 1RM increased over time (Figure 4.3). One-repetition
maximum was comparable between MILK-PRO and CON though significantly lower in
females than males at all time-points (p < 0.01). When normalised to body mass, 1RM
remained higher in males than females at -25 d (1.5 £ 0.2 vs 1.1 = 0.2 kgekgBM*; p = 0.002)
but was comparable at other time-points and when normalised to LBM. Peak changes in 1RM
from -25 d were comparable between males and females (-2.8 £ 12.1 and 3.0 £ 4.7 kg,

respectively; p = 0.120). ES at +72 and +168 h significantly favoured females (Figure 4.6).

Leg curl: 1RM equally increased over time between groups (Figure 4.3, Supplementary table
S4.1). There were no differences between MILK-PRO and CON at any time-point. Absolute
1RM was higher in males than females at all time-points (p < 0.01), which remained higher in
males at -28 d, +72 h, and +168 h when normalised both to body mass and LBM (p < 0.042).
Peak increases in 1RM from -25 d were comparable between males and females (6.6 + 9.7 and
3.0 = 3.4 kg, respectively; p = 0.070). Effect sizes at +72 and +168 h significantly favoured
males (Figure 4.6).
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Figure 4.3. Absolute one-repetition maximum (1RM) for leg extension and leg curl exercises conducted
at-28d, -25d, +72 h (n = 24), and +168 h (n = 22). PRO = milk protein supplement group, CON =
isoenergetic control supplement group. Data are reported as the group mean and standard deviation.
“Significantly different to -28 d (p < 0.01); Significantly different to -25 d (p < 0.05); Significantly
different to +72 h (p < 0.05); SSignificantly different in females vs males (p < 0.01).
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4.4.4. Muscle Soreness

There were no significant differences between groups in muscle soreness VRS score or the
change from baseline in VRS score at any time-point (Table S4.1). Significant peak increases
in VRS score were observed for females (1.7 £ 1.0; p = 0.001) and males (2.2 + 1.7; p = 0.011),
and while females reported greater muscle soreness at pre and post compared with males
(Figure 4.4.a), the pre-peak change was not different between sexes (p = 0.569). Effect sizes
revealed that females had smaller increases in soreness at +24-168 h compared with males
(Figure 4.6).

There were no significant differences between groups in PPT at any time-point and the change
from pre-exercise was not different between MILK-PRO and CON at any time. Significant
reductions in PPT were observed at +24 h (p = 0.003) and +48 h (p = 0.006) compared to pre
(Figure 4.4.b) and the change at +48 h was greater in Male-CON compared with Female-CON
and Female-PRO (Table S4.1). Significant peak reductions in PPT were found for both sexes,
although the pre-peak change was significantly greater in males compared with females (-160.1
+ 104.3 vs. -51.0 £ 60.7 KPa; p = 0.013). Effect sizes indicated smaller decreases in PPT in

females relative to males at all time-points (Figure 4.6).
4.4.5. Leg Circumference

There were no significant differences between groups in leg circumference at any time-point.
Leg circumference significantly increased over time (Figure 4.4.c) with a greater increase in
Female-PRO compared with Female-CON at +24 h (0.8 + 0.6 vs -0.3 £ 0.6; p = 0.032; Table
S4.1) and in MILK-PRO compared with CON at +72 h (0.9 £ 1.0 vs 0.0 £ 0.6; p = 0.020). The
pre-peak change in leg circumference was not different between groups or sexes (females vs.
males: 1.1 £ 0.7 vs. 1.4 £ 0.9 cm). Based on ES, females experienced lesser increases in leg

circumference than males at all time-points (Figure 4.6).

4.4.6. Range of Motion

There were no significant group*time interactions for ROM. Females had significantly greater
ROM than males at most time-points (Figure 4.4.d). Peak reductions in ROM were not
different between groups (Table S4.1) or sexes (-4.8 £ 4.3° and -3.8 + 4.0° in females and
males, respectively; p = 0.610). Effect sizes indicate that the decrease in ROM was greater in

females at post and males at +24-168 h (Figure 4.6).
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Figure 4.4. a. Muscle soreness visual rating scale score (mean values of quadricep, hamstring, glute,
and calf muscles); b. pressure-pain threshold (mean of lower, mid, and upper leg sites); c. leg
circumference (mean of lower, mid, and upper leg sites); d. leg range of motion (relaxed minus flexed
knee joint angles). Measures conducted at pre, post, +24, +48, +72 h (n = 24), and +168 h (n = 22).
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PRO = milk protein supplement group, CON = isoenergetic control supplement group. Data are
reported as the group mean and standard deviation. “Significantly different to pre (p < 0.05);

“Significantly different to pre (p < 0.001); $Significantly different in females vs males (p < 0.05).
4.4.7. Creatine Kinase

One outlying participant was identified (1287% increase from pre to +72 h). Removal of these
data from the analysis did not impact significance levels and so presented data include this
participant. Serum [CK] increased at +72 h relative to pre-exercise (p = 0.011) (Figure 4.5)
with a greater increase in MILK-PRO than CON (p = 0.031). Compared with females, males
had higher serum [CK] at post (p = 0.012) and a greater pre-post increase (p = 0.018). The pre-
peak change in [CK] was greater in Male-PRO than Female-PRO (p = 0.024) and Female-CON
(p =0.016) (Table S4.1). With supplement groups combined, the pre-peak change in [CK] was
significantly greater in males (940,086 + 802,402 pgemL™) compared with females (117,194 +
220,152 pgemL™) (p = 0.031). Based on ES, females experienced smaller [CK] elevations at
post and +48-168 h (Figure 4.6).
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Figure 4.5. Serum creatine kinase concentration analysed at pre (n = 20), post (n = 15), +24 h (n =
13), +48 h (n =19), +72 h (n = 18), and +168 h (n = 14). PRO = milk protein supplement group, CON
= isoenergetic control supplement group. Data are reported as the group mean and standard deviation.

“Significantly different to pre (p < 0.05); %Significantly different in females vs males (p < 0.05).
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4.4.8. Correlations

Spearman’s Rho correlation coefficients for the associations between EIMD markers and key
body composition outcomes in females and males are displayed in Table 4.5 and Table 4.6,
respectively. In females, there were significant high negative associations between the peak
change from pre-exercise in serum [CK] and body mass (rs = -0.846, p = 0.001, n = 12), body
mass index, LBM, BF%, and dominant and non-dominant leg lean mass and percent fat mass
(Figure 6.3), and very high negative associations between serum [CK] and fat mass (rs = -
0.902, p < 0.001, n = 12), dominant and non-dominant leg fat mass (rs = -0.916 and -0.935,
respectively, p < 0.001, n = 12), and dominant and non-dominant leg mass (Figure 4.7). No

significant associations existed for males.

Table 4.5. Associations between EIMD and body composition outcomes in females

Total body Dominant leg
BMI Lean mass Body fat Lean Body fat
M k
(em?) (ko) o | VY masseg o)

1RM (kg)
Leg extension rs -0.221 -0.265 -0.108 0.063 0.124 -0.062

p 0411 0.320 0.691 0.816 0.646 0.819
Leg curl rs -0.140 -0.175 -0.097 0.069 0.169 -0.078

P 0.606 0.516 -0.720 0.798 0.531 0.775
PPT (KPa) rs 0.016 -0.009 -0.079 -0.227 -0.159 -0.271

p 0.953 0.974 0.770 0.398 0.557 0.311
VRS rs 0.398 0.237 0.315 0.298 0.166 0.397

p 0.127 0.377 0.235 0.262 0.538 0.128
Legcirc. cm) rs  0.035 0.097 0.096 0.232 0.239 0.121

p 0.898 0.720 0.724 0.387 0.373 0.655
ROM (°) rs -0.230 -0.069 -0.281 0.038 0.106 -0.139

p 0391 0.798 0.292 0.887 0.695 0.608
CK (pgemL?) rs -0.849 -0.804 -0.888 -0.942 -0.832 -0.867

p <0.001* 0.002* <0.001*  <0.001* 0.001*  <0.001*

rs = Spearman’s Rho correlation coefficient, EIMD = exercise-induced muscle damage, BMI = body
mass index, 1RM = one-repetition maximum, PPT = pressure-pain threshold, VRS = visual rating
scale, circ. = circumference, ROM = range of motion, CK = creatine kinase, EIMD data represent the
peak change from pre-exercise, n = 12 for CK, n = 16 for all other variables.

*Statistically significant at the level of p < 0.05
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Table 4.6. Associations between EIMD and body composition outcomes in males

Total body Dominant leg
BMI Lean Body fat = Mass Lean Body fat
(kgem?) mass (kg) (%) (kg)  mass(kg) (%)
1RM (kg)
Leg extension rs 0.109 -0.546 0.109 -0.109 -0.218 0.109
p 0.797 0.162 0.797 0.797 0.604 0.797
Leg curl rs -0.359 -0.311 -0.431 -0.479 -0.240 -0.467
p 0.382 0.453 0.286 0.230 0.568 0.243
PPT (KPa) r+ 0.048 -0.167 0.286 0.024 -0.024 0.119
p 00911 0.693 0.493 0.955 0.955 0.779
VRS rs 0.073 0.073 -0.024 0.146 -0.293 -0.024
p 0.863 0.863 0.954 0.729 0.482 0.954
Legcirc. cm) rs -0.049  -0.122 0.195 0.000 -0.049 0.146
p 0.909 0.774 0.643 1.000 0.909 0.729
ROM (°) rs -0.241  0.193 -0.241  -0.169 0.084 -0.169
p 0.565 0.647 0.565 0.690 0.843 0.690
CK (pgemL?) 15 -0.095 -0.690 -0.190 -0.214 -0.190 -0.119
p 0.823 0.058 0.651 0.610 0.651 0.779

rs = Spearman’s Rho correlation coefficient, EIMD = exercise-induced muscle damage, BMI = body
mass index, 1RM = one-repetition maximum, PPT = pressure-pain threshold, VRS = visual rating

scale, circ. = circumference, ROM = range of motion, CK = creatine kinase, EIMD data represent the

peak change from pre-exercise, n = 8 for all variables.
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Figure 4.7. Associations between the peak change from pre-exercise in serum creatine kinase (CK)

and body composition outcomes in females (n = 12).

rs = Spearman’s Rho correlation coefficient, BMI = body mass index, LBM = lean body mass.
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4.5.0. Discussion

This study aimed to first, investigate whether milk protein consumption impacts resistance
EIMD; second, elucidate whether EIMD responses differ between untrained males and
females; and third, explore the relationship of EIMD and DXA-derived total and regional body
composition. It was demonstrated that a single bout of habitual-type leg-based resistance
exercise induced mild muscle damage without impairing maximal strength. In contrast with
previous research (Cockburn et al., 2008; 2010; Draganidis et al., 2017; Rankin et al., 2015),
no attenuative impact of milk protein ingestion on EIMD was documented. Exercise elevated
[CK], reduced pain threshold, and prolonged muscle soreness more so in males than females,
although changes in muscle swelling, flexibility, and strength were comparable between sexes.
Further, it was indicated that exercise-induced peak increases in serum [CK] were negatively
associated with several body composition outcomes in females, but not in males. In contrast to
previous observations (Hickner et al., 2001; Margaritelis et al., 2019; Paschalis et al., 2013) no
associations between body composition and the change in other EIMD markers, including
muscle soreness, ROM, and maximal strength, were found in the current study. Overall, this
study demonstrated that milk protein was not an effective nutritional strategy to mitigate mild
resistance EIMD, and some symptoms of EIMD were attenuated in females relative to males;

however, this does not appear to be attributed to sex differences in body composition.

Experimental models of EIMD have typically aimed to maximise muscle damage via extreme
and unrealistic exercise protocols. Such protocols have included the performance of many
(>10) sets of one exercise (Burnley et al., 2010; Draganidis et al., 2017; Philpott et al., 2018;
Woijcik et al., 2001), prolonged duration of continuous contractions (Nosaka et al., 2002y), or
exclusively eccentric contractions (Dale et al., 2015; Farup et al., 2014; Ives et al., 2017; Kim
et al., 2017) which does not reflect habitual resistance training (ACSM, 2009). These exercise
protocols have shown to induce severe muscle damage with ~50-fold increases in plasma [CK]
(Nosaka & Newton, 2002) and sustained (7 days) strength decrements (Byrne & Eston, 2002;
Farup et al.,, 2014). While these study designs allow for proof of concept and easier
identification of EIMD management strategies, they lack ecological validity. Accordingly, the
present study involved realistic exercise and demonstrated that a mildly stressful stimulus
induced muscle damage, marked by elevated muscle soreness, swelling, CK activity, and

reduced flexibility, without compromising muscle strength.
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In contrast to the present study, significant strength declines following leg-based resistance
exercise have been reported in untrained males (Buckley et al., 2010; Burnley et al., 2010;
Cooke et al., 2010; Dale et al., 2015; Farup et al., 2014; Ives et al., 2017; Saracino et al., 2020;
White et al., 2008; Wojcik et al., 2001) and females (Brown et al., 1997; Hicks et al., 2016;
Paschalis et al., 2013), which is deemed the best indicator of EIMD (Damas et al., 2016,;
Paulsen et al., 2012; Warren et al., 1999). Nonetheless, peak strength loss occurs immediately
post-exercise (Clarkson & Hubal, 2002; Clarkson et al., 1992) and here, strength assessments
were not conducted until 72 and 168 h post-exercise to examine the impact of muscle damage
on maximal strength at the time the muscle group would generally be re-exercised (i.e. after
>2 d rest); thus, any strength deficits may have been restored. Therefore, maximal strength

changes did not best indicate the magnitude of EIMD in the present study.

Leg extension and curl 1RM increased between baseline assessments, which is expected for
those naive to resistance exercise (McCurdy et al., 2004; Ritti-Dias et al., 2011). Initial strength
gains in response to new exercise stimuli involve a learning effect, such as improvements in
form and posture during movement. Hence in the present study, the participants’ familiarity
and confidence in performing the exercise may have driven strength improvements from -28
to -25 d. In addition, exercise adaptation occurs at a neural level to promote early-stage strength
gains (Gabriel et al., 2006). Although the presence of neurological adaptation cannot be
confirmed in the current study, evidence of increased motor unit firing rate between the first
and second bout of leg extension exercise, concurrent with a 16% improvement in maximal
force production, has been provided in untrained young adults (Kamen & Knight, 2004).
Maximal strength increased further after the damaging exercise bout compared with baseline
in MILK-PRO; however, this change was within the measurement error for the 1RM test (Grgic
et al., 2020) and cannot be deemed a true increase. This suggests that first, one familiarisation
session was sufficient for participants to achieve a reliable 1RM and second, that muscle
damage was not so severe that maximal strength decrements occurred. Therefore, the findings
of this study indicated that, in untrained males and females, mild muscle damage did not hinder
the early-stage neurological adaptation required to prepare the muscle for future morphological

adaptation.

Ingested milk protein did not attenuate EIMD at the dose provided in the present study.
Exercise increased muscle soreness VRS ~2-fold both in MILK-PRO and CON; hence,
conflicting Rankin et al. (2015), in which trained males and females benefited from ingested

milk protein (17 g) for reducing passive and active muscle soreness 72 h following leg-based
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resistance exercise. The small increase in muscle soreness rating in the current study may have
limited the ability to detect meaningful between-group differences. Nonetheless, other studies
reported comparable muscle soreness between protein and control groups despite ~5-fold (Gee
et al., 2019) and ~10-fold (Cockburn et al., 2008) increases. Therefore, the present outcomes
might contrast Rankin et al. (2015) due to participant training status, as the current study
presents novel findings on untrained individuals. Equivocal data have been produced from
previous studies conducted with trained males. No effect of milk protein relative to
carbohydrate or water ingestion for reducing post-exercise muscle soreness was found by
Cockburn and colleagues (Cockburn et al., 2008; 2012; 2013), whereas soreness was lowered
by a milk-based protein-carbohydrate beverage consumed pre- or post-exercise (Cockburn et
al., 2010). A single peri-exercise dose of milk protein was included in these studies, unlike the
present study, which provided multiple supplement doses over several days. Comparably, milk
protein concentrate was provided for 8 days post-exercise by Draganidis et al. (2017), which
more rapidly alleviated muscle soreness relative to carbohydrate. However, milk protein did
not attenuate soreness until 4-5 days post-exercise (Draganidis et al., 2017), and it is therefore
plausible that the present study may have observed differences in soreness between MILK-

PRO and CON had measures been taken at these time-points.

One possible explanation for why in this study, unlike others (Cockburn et al., 2010; Draganidis
et al., 2017; Rankin et al., 2015), milk protein supplementation did not attenuate muscle
soreness relates to participant blinding. In these previous studies, participants were aware of
their treatment condition and so bias may have arisen within subjective measures if participants
believed the ingested protein should alleviate their muscle soreness. By providing a low-protein
yoghurt, similar in taste and appearance to the high-protein yoghurt, as opposed to water or a
carbohydrate control beverage as used previously (Cockburn et al., 2010; Draganidis et al.,
2017; Rankin et al., 2015), this limitation was overcome in the present study. By this means,
the current findings may more accurately represent the impact of milk protein consumption on

muscle soreness.

An unexpected finding was that significantly greater [CK] elevations 72 h post-exercise were
experienced by males consuming milk protein compared with males consuming carbohydrate,
which contrasts previous observations (Rankin et al., 2015). While difficult to explain, one
explanation is that resting and post-exercise CK is highly variable and some individuals, termed
high responders, experience significantly greater exercise-induced increases in CK activity

compared to others, i.e. low responders (Clarkson & Ebbeling, 1988; Damas et al., 2016,; Kim
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& Lee, 2015; Nosaka & Clarkson, 1996.). Here, [CK] increased from pre-exercise by >250%
at +72 h in all Male-PRO participants and only one Male-CON participant. However, these
participants were not high-responders to other EIMD outcomes and did not possess
distinguishable characteristics from other participants. Thus, it seems the heightened [CK] peak
at +72 h in Male-PRO is simply due to inter-individual variability and highlights the limitation
of using [CK] to judge EIMD severity.

Despite disagreement (Dannecker et al., 2012; Hubal & Clarkson, 2009; Morawetz et al., 2020;
Sayers & Clarkson, 2001), EIMD can be attenuated in females (Fernandez-Gonzalo et al.,
2014; Kerksick et al., 2008; Minahan et al., 2015; Sewright et al., 2008), which has been
attributed to protective effects of oestrogen on myofibre integrity (Tiidus, 2003). In the present
study, measurements in females were conducted during the late-follicular phase of the MC
when plasma oestrogen concentration is elevated, albeit not peaked (Owen, 1975). Oestrogen
has shown to maintain myofibre membrane permeability following tissue injury (Bér et al.,
1988; Tiidus, 2003) and hence might explain why peak elevations in post-exercise [CK] were
attenuated in females compared with males, akin to previous observations (Fernandez-Gonzalo
et al., 2014; Hicks et al., 2016; Minahan et al., 2015). However, this association is speculative

here, as neither oestrogen concentration nor ultrastructural myofibre damage were measured.

Sex differences were also identified for subjective symptoms of EIMD. Pain threshold was
unaffected by exercise in females, yet significantly reduced until +72 h in males. Exercise-
induced muscle soreness is potentially driven by metabolic events and disruption of the
extracellular matrix (Stauber et al., 1990). Following an exercise-induced increase in myofibre
membrane permeability, the calcium-mediated mast cell degranulation and subsequent
histamine release sensitises nociceptors and increases pain sensations (Marchettini et al., 1996;
Stauber et al., 1990). These mechanisms were supported by the present study as relative to
females, males experienced elevated CK leakage — indicative of weakened membrane integrity
— concurrent with lower pain threshold. Meanwhile, mechanically-driven changes in muscle
strength and flexibility were indifferent between sexes. Therefore, the current findings indicate
a female protection against EIMD, perhaps specific to metabolically-induced muscle damage

and mediated by oestrogen.

Compared with females, males possessed greater maximal strength and consequently, during
the muscle damaging exercise bout utilised a higher absolute exercise load and performed a

greater work volume. Performing a higher volume of elbow flexor exercise has been associated
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with larger increases in muscle soreness, swelling, [CK], and decrements in strength and ROM
than a lower volume of load-equated exercise in males (Howatson et al., 2007; Nosaka et al.,
2001p). However, when exercise load is not matched between comparator groups — as was the
case here between males and females — higher compared with lower exercise volumes have not
always been linked to more severe muscle damage (Arazi & Asadi, 2018; Draganidis et al.,
2013). Therefore, the sex differences in pain threshold and [CK] identified in the present study
could be mediated by dissimilarities in exercise volume, oestrogen status, or other
undetermined factors, though nonetheless highlight the need for further sex-comparative and
female-focussed research.

This study explored the relationship of body composition and EIMD in attempt to ascertain the
probable causes of sex differences in muscle damage responses. Previous investigations of
body composition in the context of EIMD have postulated that overweight and obese
individuals are perhaps more vulnerable to EIMD owing to chronic inflammation and lipid
accumulation within skeletal muscle, leading to structural alterations and disruption to
myofibres. By this means, greater strength decrements, muscle soreness, and [CK] elevations,
alongside reduced flexibility following damaging resistance exercise have been suffered by
overweight/obese males and females relative to healthy weight individuals (Kim & So, 2018;
Paschalis et al., 2010; 2013; Salvadori et al., 1993). In the present study, a higher BMI was
associated with an attenuated post-exercise CK response in untrained, non-obese females.
Opposingly, it was reported by Kim and So (2018) that untrained males with high BMI (>25
kgem) had significantly elevated serum [CK] 24-96 h after eccentric elbow flexor exercise
compared to males with lower BMI (18.5-22.9 kgem™). Whereas, up to 24 h after whole-body
resistance exercise, plasma [CK] was comparable among lean and obese sedentary males
(Comstock et al., 2013). However, peak [CK], which is typically measured 3-5 days post-
exercise (Clarkson & Hubal, 2002), was likely not captured here. These discrepancies may
indicate sex differences or perhaps suggest that body composition is a more important factor
in the relationship to EIMD than is BMI.

The supposed negative impact of overweight/obesity on EIMD has been attributed to the
additional metabolic and mechanical strain placed upon muscle, connective, and bone tissues
by adipose tissue (Hickner et al., 2001). Excess adiposity increases membrane phospholipid
packing density, thereby weakening cell membrane structure (Andersson et al., 2002; Hazel &
Williams, 1990; Knoblauch et al., 2013) and increasing the release of intramuscular proteins

into systemic circulation. Accordingly, and in contrast to the current study, there have been
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several reports of heightened [CK] following exercise in males and females with higher
compared to lower body fat (Heled et al., 2007; Kim & Lee, 2015; Paschalis et al., 2010; 2013,;
Yoon & Kim, 2020). For instance, blood [CK] was 13-fold greater in males with ~25%
compared with ~12% BF succeeding eccentric elbow flexions (Yoon & Kim, 2020). Following
similar exercise, the greatest peak [CK] elevations were measured in males with ~16% BF and
the lowest [CK] in males with ~13% BF by Kim and Lee (2015). However, these males would
not be considered to possess excess adiposity, and therefore, these findings emphasised that
high exercise-induced CK responses occur in individuals with healthy body fatness. In support,
peak increases in serum [CK] of >1300% were documented by Paschalis et al. (2013) following
eccentric leg extension exercise, which were comparable among untrained females categorised
as underweight (~15% BF), lean (~20% BF), or overweight (~31% BF). Whereas it was
suggested by Margaritelis et al. (2019) that both females with low (10-20 %) and high (>30%)
BF are susceptible to increased post-exercise [CK] relative to those with normal BF%. In the
current study, post-exercise peak serum [CK] was negatively related to absolute and relative
BF, despite most females having >30% BF. Noteworthy, disparate study outcomes may owe
to different body composition assessment methods, which vary in their validity and reliability
(for instance, BF% values derived from DXA are ~5% higher than values derived from BIA)
(Schubert et al., 2019). Overall, these findings indicated that, in non-obese females, higher

body fatness is not detrimental to cell membrane integrity following EIMD.

Creatine kinase efflux from skeletal muscle is a strong determinant of serum [CK] (Baltusnikas
etal., 2015), and therefore, it may be questioned whether greater muscle mass exacerbates post-
exercise [CK]. Contradicting this hypothesis, a negative relationship between total-body
muscle mass and the peak change in post-exercise serum [CK] was found in females in the
present study. This relationship has been examined in few other studies, although post-exercise
peak [CK] elevations were not related with the BIA-derived muscle mass of untrained males
by Kim and Lee (2015). Likewise, low compared to normal FFM and fat mass-to-FFM ratio in
recreational team sport males was not associated with greater changes to plasma [CK] or other
indices of muscle damage following plyometric exercise by Fernandes et al. (2020). The
present study was the first to relate EIMD with DXA-derived regional body composition and
identified that both dominant and non-dominant leg muscle mass were negatively correlated
with peak increases in [CK]. One possible explanation is that those females with higher muscle
mass may habitually perform more physical activity — despite being naive to resistance exercise

— compared to those with lower muscle mass, and exercise training can attenuate CK responses
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(Vincent & Vincent, 1997). Nonetheless, it was suggested by Hicks et al. (2016) that factors
aside from muscle mass influence the post-exercise CK response. Attenuated elevations in
serum [CK] after eccentric leg extensions were experienced by females relative to males in
their study, and this difference remained once [CK] was normalised to vastus lateralis cross-
sectional area. Thus, these findings indicated that muscle mass of the exercised region alone
did not determine post-exercise [CK] increases nor explain sex differences in this response.

Associations between body composition and EIMD have been observed in males (Hickner et
al., 2001; Kim & Lee, 2015; Kim & So, 2018; Yoon & Kim, 2020) and females (Margaritelis
et al., 2019; Paschalis et al., 2013) yet to date, no study has explored sex differences in this
relationship, despite variations both in body composition and EIMD between sexes (Fredsted
et al., 2008; Hicks et al., 2016; Kerksick et al., 2008; Minahan et al., 2015; Sewright et al.,
2008; Staron et al., 2000). The relationship of CK activity and body composition was
significant for females but not for males in the current study. This disparity might stem from
differences in these variables between sexes (higher peak post-exercise [CK] change, greater
LBM, and lower BF% in males compared with females), though more likely reflects the small
sample size acquired for males, which increases the risk of obtaining a type Il statistical error
and is a limitation of this study (Button et al., 2013; De Winter et al., 2016). Noteworthy, the
modest association between LBM and [CK] in males (rs = -0.690) bordered on statistical
significance (p = 0.058), and thus, had equal sample sizes been obtained for males and females
and statistical power had been sufficient, sex differences may have dissipated. Nonetheless, the
associations between [CK] and other body composition outcomes were low and non-significant

in males, suggesting sex specificity in this relationship.
4.5.1. Limitations

The following study limitations should be considered when interpreting and implementing its
outcomes. First, only indirect EIMD markers were used, which are variable, subjective, and
cannot objectively quantify myofibre damage, unlike direct assessments, such as muscle biopsy
sampling. Nevertheless, biopsy procedures themself can cause tissue damage (Malm et al.,
2000). Second, serum oestrogen was not measured, and therefore, MC phase cannot be
confirmed nor can it be inferred whether oestrogen impacted EIMD and sex differences.
Further, HCs were used by four females, which can impact EIMD (Carter et al., 2001; Minahan
et al., 2015), although these females were, by chance, evenly distributed between supplement

groups and so outcomes should be unaffected. Third, dietary intake was not fully controlled,

156



although dietary intake data indicated no unexpected changes from baseline. However, dietary
intake was not assessed at +96-144 h and any notable changes in dietary intake during this
time relative to +0—72 h could have impacted the +168 h assessments. Fourth, the ELISA test
used to determine [CK] had low intra-assay precision (CV = 20.7%) — likely due to pipetting
and washing techniques — thus the low accuracy of [CK] data potentially influenced the
relationship of [CK] and body composition outcomes. Finally, Male-PRO and Male-CON data
were underpowered to detect significant between-group differences, as n = 5 per group were
required. These data were pooled for analyses to detect differences between sexes and

supplement groups.
4.5.2. Conclusion

This study aimed to determine the impact of milk protein ingestion on indirect markers of
muscle damage following resistance exercise and explore whether this response differs
between untrained males and females. To this end, it was demonstrated that peri-exercise milk
protein ingestion was not beneficial for recovery from muscle damage induced by an
ecologically-valid resistance exercise bout. Nonetheless, milk protein may still be consumed
to enhance other elements of post-exercise recovery and future studies should investigate
alternative management strategies for mild EIMD. It was revealed by the current findings that,
despite mild muscle damage, post-exercise maximal strength can be preserved, allowing the
continuation of high-quality exercise. As such, experimental models of EIMD should include
exercise protocols that mimic habitual training to increase the application of study outcomes to
real-world settings. Furthermore, attenuated muscle damage responses to unaccustomed
exercise were experienced by females relative to males in this study, highlighting the need for

further research conducted with both sexes.

To explore the probable contributors to these sex differences, this study also aimed to elucidate
the relationship of EIMD and total and regional body composition. Negative associations
between the peak increase in post-exercise serum [CK] and total- and regional- body
composition were found in untrained females, but not males. In contrast to previous
observations, increased adiposity in non-obese females was demonstrated to have a positive
rather than negative impact on myofibre membrane integrity following muscle damage.
Further, due to the negative association between [CK] and LBM, it was refuted that the
observed sex differences in EIMD were attributed to greater muscle mass in males compared

with females. Further studies examining the relationship of body composition and EIMD in
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males and females are warranted to confirm sex differences, as the present study was limited

by its small sample size.

Overall, this study has contributed to current knowledge by showcasing that milk protein is

ineffective for attenuating mild EIMD, and to this end, alternative management strategies for

mild EIMD should be investigated. Furthermore, this study indicated that body composition is

not a contributory factor to sex differences in EIMD, and thus, other influential factors ought

to be explored in future research.

4.6.0. Supplementary Materials

Table S4.1. Mean change from pre-exercise to each post-exercise time-point for indirect markers of

muscle damage

Female-PRO  Female-CON Male-PRO Male-CON Overall
(n=8) (n=8) (n=4) (n=4) time effect

1RM (kg)
Leg extension
Pre-72 h 20+5.1 0.6+4.6 2.3+4.7 -114+229 p=0.241
Pre-168 h 2.8+4.0 3.2+6.7 2.3+4.7 -7.9+15.9 p =0.152
Pre-Peak 3.1+3.8 3.0+57 2.3+4.7 -7.9+15.9 p =0.068
Leg curl
Pre-72 h 1.3+22 22+3.1 6.2+5.9 26+12.1 p =0.023"
Pre-168 h 2.1+3.3 3.5+49 44+3.1 5.3+13.8 p =0.010"
Pre-Peak 2721 3.4+4.4 74+53 5.8+13.8 p = 0.004*
PPT (KPa)
Pre-Post -3.9+442° -5.1+64.1° -13.0+100.0 -1365+106.6 p=0.118
Pre-24 h -29.4 +655% -36.1+585 -79.7+93.1 -166.5+104.4 p=0.002"
Pre-48 h -12.3+58.6° -19.9+90.2° -90.6 +56.1 -189.0+126.4 p=0.011"
Pre-72 h 75+81.4 2.5+89.7 -53.8+132.6 -168.1+133.9 p=0.167
Pre-168 h 16.9 £94.8 -6.2+77.6 -46.6 +120.6 -1055+147.3 p=0.326
Pre-Peak -51.5+56.5 -50.5 +68.5 -113.4+68.6 -206.8+121.9 p<0.001"
VRS
Pre-Post 1.4+0.9 1.2+0.7 1.3+1.0 06+14 p < 0.001"
Pre-24 h 11+11 1.0+£0.7 15+1.0 1.1+0.6 p < 0.001"
Pre-48 h 09+1.38 1.1+£0.7 1.8+1.2 1.3+0.7 p <0.001"
Pre-72 h 0615 0.9+0.8 1.1+1.3 14+19 p = 0.002"
Pre-168 h -0.2+10 0.5+05 0.5+0.5 14+31 p=0.176
Pre-Peak 1.7+1.3 1.6+0.7 1.8+1.2 26+23 p <0.001"
Leg circ. (cm)
Pre-Post 0.8+0.4 0.4+0.6 0.7+0.7 0.8+0.3 p = 0.001"
Pre-24 h 0.8+0.6 -0.3+0.6Y 0.2+1.0 0.9+0.5 p = 0.033"
Pre-48 h 09+1.0 -0.5+0.7 0.7+1.3 1.0+£0.9 p =0.027"
Pre-72 h 1.0+0.9 -0.1+£0.8 0.8+15 0.0+0.4 p =0.027"
Pre-168 h 0.6+0.4 -01+1.2 05+1.1 1.2+1.3 p =0.037"
Pre-Peak 1.4+0.9 0.9+0.6 1.1+1.0 1.6+0.8 p <0.001"
ROM (°)
Pre-Post 1.1+£3.0 -3.3+5.6 -1.5+31 -2.8+4.9 p=0.138
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Pre-24 h 0.1+3.7 -1.3+5.6 1.8+7.1 1.8+4.3 p =0.837

Pre-48 h -0.4+£3.8 -2.0+4.3 -1.0+54 0.8+3.6 p=0.325
Pre-72 h -0.9+5.8 -21+55 -1.8+6.3 0.0+3.7 p =0.239
Pre-168 h 0.8+4.0 1.5+49 -0.5+54 40+7.7 p =0.238
Pre-Peak -4.6+4.0 -49+4.8 -45+ 3.7 -3.0+4.7 p <0.001"
CK (pgemL™)
Pre-Post n=6 n=3 n=3 n=3
49,857 + -97,482 + 442,157 + 452,283 + p=0.125
239,727 30,479 327,474 616,659
Pre-24 h n=>5 n=3 n=2 n=3
86,253 + -75,016 + 281,780 + -46,642 + p = 0.600
183,532 84,600 265,785 436,956
Pre-48 h n==6 n=>5 n=4 n=4
65,697 + -28,459 + 505,158 + -45,249 + p =0.260
179,215 50,884 496,493 308,134
Pre-72 h n=>5 n=>5 n=4 n=4
200,864 + 28,041 + 1,359,584 + 148520+  p=0.011"
257,598 95,234 840,455 447,0027
Pre-168 h n=5 n=3 n=3 n=3
24,621 + -47,240 + 527,480 + 145,809 + p =0.638
220,892 168,499 662,756 665,962
Pre-Peak n=7 n=5 n=4 n=4
159, 802 + 57,542 + 1,359,584 + 520587+  p=0.001*
282,152% 79,023f 840,455 571,553

1RM = one-repetition maximum, PPT = pressure-pain threshold, VRS = visual rating scale, circ. =
circumference, ROM = range of motion, CK = creatine kinase. The baseline value for 1RM was
determined as the highest value from the -28 and -25 d time-points. n = 6 for Female-CON at 168 h.
Data are expressed as the group mean + standard deviation. YSignificantly different to Female-PRO (p
< 0.05); Significantly different to Male-PRO (p < 0.05); “Significantly different to Male-CON (p <
0.05); “Statistically significant at the level of p < 0.05.

4.7.0. Link to Next Chapters

The RCT found that milk protein supplementation was not an effective management strategy
for mild EIMD, and hence, alternative strategies require investigation. While it would have
been advantageous at this stage to conduct another primary RCT exploring an alternative
nutritional strategy for the management of EIMD, this was not possible in light of the Covid-
19 pandemic and the restrictions this imposed, particularly pertaining to face-to-face human-
centred laboratory research. Consequently, the decision to examine secondary data was made.
Considering this thesis and several previous works had reviewed various nutritional domains
in the context of EIMD, focus was shifted away from nutritional elements of exercise recovery
and toward components of the exercise itself. Of the principle extrinsic exercise variables (i.e.

load, set number, repetition number, inter-set rest period, and contraction type and velocity),
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the choice was made to examine the impact of exercise load on EIMD with the aim of finding
a mitigating strategy that would be suitable for novice exercisers to implement with ease.
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CHAPTER 5 The Impact of Resistance Exercise Load on Muscle Damage: A Scoping Review

5.1.0. Prelude

This thesis first considered nutritional elements in relation to EIMD and the focus then
switched to the muscle-damaging exercise bout itself. Manipulating exercise load is a principal
component of progressive resistance training. It is commonly believed that exercising with
heavier weights induces greater muscle damage; however, there is currently no consensus
evidence to support this notion. If utilising lighter weights induces less muscle damage while
promoting comparable chronic training adaptations, this may be a viable, easy, and preferred
option for many exercisers hesitant or unable to lift heavier weights. Therefore, scoping the
existing literature surrounding resistance exercise load in the context of EIMD was considered

important to aid the design of a novel study to address any identified knowledge gaps.
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5.2.0. Introduction

Regular resistance exercise can maintain general health, enhance sport performance, offset age-
associated sarcopenia, and modify body composition. Fundamentally, resistance exercise
training may increase skeletal muscle mass, enhance strength, help maintain stability, improve
glucose tolerance, and increase bone density (Anderson & Behm, 2005; Eriksson et al., 1998;
Layne & Nelson, 1999; Schoenfeld, 2010; Tan, 1999). However, the muscle contractions
associated with resistance exercise — particularly unaccustomed or eccentric contractions —
induce damage to muscle fibres (Stauber, 1989). At a cellular level, damage to structural
components of muscle sarcomeres and to the sarcolemma is evident and characterised by
elevated concentrations of intramuscular proteins (e.g. CK and myoglobin) within systemic
circulation (Allen, 2001; Duncan & Jackson, 1987; Morgan et al., 1996; Warren et al., 1993).
On the surface, resistance exercise-induced muscle damage (EIMD) leads to muscle soreness,
swelling, and impaired muscle function, e.g. reductions in muscle force generating capacity
and flexibility, which can persist for up to 10 days following exercise (Clarkson & Hubal, 2002;
Manfredi et al., 1991). Consequently, extended recovery periods between exercise bouts are
required or exercise performance may suffer. Therefore, attenuating acute EIMD may promote
frequent, quality exercise bouts to aid chronic muscle adaptations, such as skeletal muscle

hypertrophy and strength gains (Damas et al., 2016p).

Several EIMD management strategies have been proposed, which primarily target the pre- and
post- exercise period, such as massage, stretching, cryotherapy, compression garments,
electrostimulation (Dupuy et al., 2018; Torres et al., 2012), protein feeding (Pasiakos et al.,
2014), and other nutritional supplements (Harty et al., 2019). Albeit less extensively reviewed,
manipulating extrinsic exercise components, including the speed of muscle contraction
(Chapman et al., 2008; Nogueira et al., 2013), ROM (Fochi et al., 2016; Nosaka et al., 2005;
Vaczi et al., 2009), inter-set rest period (Machado & Willardson, 2010; Mayhew et al., 2005),
total work volume (repetitions x sets x load) (Chen et al., 2020; Hasenoehrl et al., 2017;
Mendham et al., 2011; Peake et al., 2006), maximum force generated (Nosaka & Newton,
2002), and muscle group exercised (Chen et al., 2011) can also influence the magnitude of
EIMD. Of particular interest is the relationship between muscle force and length during
contraction. Characteristically, greater force outputs can be achieved at longer muscle lengths,
until the muscle hyper-extends and force can no longer be maintained, i.e. the length-tension
curve (Gordon et al., 1966). These variables have been considered in isolation to ascertain

whether muscle force or length is determining the severity of EIMD. In accordance, studies
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conducted with animals (Brooks et al., 1995; Talbot & Morgan, 1998) and humans (Fochi et
al., 2016; Newham et al., 1988; Nosaka et al., 2005; Nosaka & Sakamoto, 2001; Vaczi et al.,
2009) have consistently reported greater EIMD when the targeted muscle is stretched over a
wider range of muscle lengths. Therefore, utilising shorter muscle lengths during contraction
helps reduce EIMD.

Maximum muscle force during contraction as a factor in EIMD is ambivalent. To this end,
comparable reductions in maximum muscle strength (Barroso et al., 2011; Draganidis et al.,
2013; Uchida et al., 2009) and elevations in muscle soreness (Arazi & Asadi, 2018; Hasenoehrl
et al., 2017; Paschalis et al., 2005; Peake et al., 2006; Uchida et al., 2009) and intramuscular
protein leakage (Arazi & Asadi, 2018; Bartolomei et al., 2017; Draganidis et al., 2013; Giizel
et al., 2007; Hasenoehrl et al., 2017; Paschalis et al., 2005; Peake et al., 2006) following
resistance exercise performed with varied loads by males have been reported in several studies.
Nonetheless, many others have documented attenuated EIMD when resistance exercise is
performed with lighter compared with heavier loads (Chen et al., 2020; Nosaka et al., 2002y;
Nosaka & Newton, 2002,; Orssatto et al., 2018) and in this regard, reducing muscle force output

by utilising lower exercise loads may be a viable strategy to mitigate EIMD.

Consistently utilising lower exercise loads has shown to induce comparable muscle adaptations
to those obtained during traditional high-load resistance training (Cholewa et al., 2018;
Dobson, 2021; Fink et al., 2018; Franco et al., 2019; Kubo et al., 2020; Lasevicius et al., 2019;
Ribeiro et al., 2020; Schoenfeld et al., 2017,; Stefanaki et al., 2019). Furthermore, performing
resistance exercise with lower loads was perceptively less exerting compared to with higher
loads (Arazi & Asadi, 2018; Richardson et al., 2018), which may increase exercise adherence
and particularly suit individuals who are elderly, recovering from injury, or naive to resistance
exercise. Establishing whether the use of lower resistance exercise loads can ameliorate EIMD,
while concomitantly promoting muscle adaptations, could provide new insights to inform
training recommendations. Therefore, this scoping review aimed to determine whether
performing low-load resistance exercise is an effective strategy for reducing EIMD by
comparing indirect markers of EIMD (MVC, muscle soreness, and [CK]) in response to acute

low-load and high-load resistance exercise performed by healthy adults.
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5.3.0. Methods

5.3.1. Inclusion Criteria

The analysis was confined to studies published in English-language peer-reviewed journals
that met the following criteria: (1) an experimental trial that included two or more load
intensities of acute resistance exercise. Exercise intensity was classified as low-load (<70%
IRM or >12RM) or high-load (>70% 1RM or <12RM). It was acknowledged that 70% 1RM
may not typically be considered low intensity; however, preliminary reading of the EIMD
literature revealed that several studies classified 70% 1RM as the lower load, compared to loads
>70% 1RM (Barroso et al., 2011; Bartolomei et al., 2017; Draganidis et al., 2013). Therefore,
to prevent exclusion of relevant studies from the review, the load boundaries were increased
slightly; (2) included at least one indirect measure of muscle damage, i.e. blood biomarker(s),
muscle soreness, muscle function (e.g. MVC, ROM); (3) muscle damage was measured >24 h
following the exercise bout; (4) the study involved adult (>18 y) participants of any age, sex,
ethnicity, and training status with no known medical conditions or musculoskeletal injuries.
Studies involving the use of vascular occlusion were excluded, as this may have confounded

the impact of exercise load.
5.3.2. Search Strategy

The literature search was conducted in line with the PRISMA guidelines (Moher et al., 2009).
Searches of PubMed and Google Scholar databases for studies published up to the date of
November 2020 were conducted. The following syntax was used to conduct the search:
(“"resistance exercise" OR "resistance training™) AND (“exercise load" OR "exercise intensity"
OR "training load" OR "training intensity"” OR "high load" OR "low load" OR "loading™) AND
("muscle damage” OR "muscle soreness” OR "muscle function” OR "performance” OR
"recovery” OR "creatine kinase™). The title, abstract, and full text of the retrieved articles were
screened for eligibility by an independent reviewer. The reference list of relevant articles were

also screened for eligible articles.
5.3.3. Coding of Studies

Studies were read and coded by a single reviewer for the following variables: (1) author, title,
and year of publication: (2) participant demographics e.g. sex, age, training status, and sample
size. Age was categorised as in the review by Schoenfeld et al. (2017,); (3) resistance exercise

protocol, including load intensity, mode of exercise, set and repetition number, and duration of

164



rest period; (4) methods used for the assessment of muscle damage; (5) time points of the

measurements in relation to the exercise bout; (6) significant findings.
5.3.4. Methodological Quality

Quality assessment of each study was independently conducted based on the 11-point
Physiotherapy Evidence Database (PEDro) scale, which has been considered a reliable and
valid measure of the methodological quality of randomised controlled trials (Elkins et al., 2010;
Mabher et al., 2003). Given that blinding of investigators and participants is not possible during
supervised resistance exercise trials, items 5-7 pertaining to blinding were removed from the
scale, in accordance with Schoenfeld et al. (2017.). Therefore, study quality was assessed by
use of a modified 8-point PEDro scale and ratings were categorised as follows: 6-7 =

“excellent”; 5 = “good”; 4 = “moderate”; and 0-3 = “poor”.
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5.4.0. Results

Of the articles initially reviewed, 21 were determined to potentially meet the inclusion criteria
based on information contained within the abstracts. Following full-text review, 15 articles
were confirmed to meet the inclusion criteria and were included in the review. Figure 5.1 shows

a flow chart of the literature search and Table 5.1 summarises the studies included for analysis.

Identification

Screening

Eligibility

Included

Figure 5.1. Flow diagram of literature search process.

Records identified through
database searching
(n=462)

\4

Total records screened <
(n=471)

\ 4

Abstract articles assessed for

Additional records identified
through other sources
(n=9)

eligibility
(n =54)

\ 4

Full-text articles assessed for

\ 4

Abstract articles excluded
(n=33)

Reasons for exclusion:
Not acute exercise (n = 12)
Not comparing loads (n = 8)

Not resistance exercise (n = 9)

Not muscle damage (n = 4)

eligibility
(n=21)

\ 4

Studies included in scoping
review
(n=15)

\ 4

Full-text articles excluded
(n=6)

Reasons for exclusion:
Not acute exercise (n = 2)
Not muscle damage (n = 3)

Measures <24 h (n=1)
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Table 5.1. Summary of studies included in the scoping review (n = 15)

Reference Study design Mode(s) Exercise protocol Volume Markers of muscle Time Primary findings
of [load; sets x repetitions;  matched? damage points of
Participant resistance ROM (inter-set rest measures
characteristics exercise period)]
Arazi and Parallel Leg press LL:60% 1RM; 4 x 21 No Plasma [CK and CRP]  Pre MCK] at +24-72 h in
Asadi (2018) n =28 M; (2 min) Muscle soreness VAS +24 h HL 100% compared to
young; HL: 80% 1RM; 4 x 5 (during bodyweight squat) +48 h HL 80% and LL
untrained (2 min) +72h MCRP] at +24-72 h in
HL:100% 1RM; 4 x 1 HL 100% compared to
(2 min) LL
Non-exercising control 1 Muscle soreness at
+24-72 hin HL 100%
compared to HL 80% and
LL
Barroso etal.  Parallel Unilateral ~ LL: 70% 1RM; 5 x 6; No Muscle soreness VAS  Pre J1RM at post in HL
(2011) n=24M; eccentric 120° (2 min) (rested) Post MMuscle soreness and
young: elbow LL: 70% 1RM; 10 x 6; ROM elbow joint +48 h JLROM at post and +48 h
untrained flexor 120° (2 min) Upper arm CIRC +96 h in HL
HL: 110% 1RM; 5 x 6; 1IRM
120° (2 min)
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Bartolomei et  Crossover Back squat
al. (2017) n=12 M;
young; trained
Chen et al. Parallel Unilateral
(2020) n=236 M, eccentric
young; elbow
untrained flexor

LL: 70% 1RM; 8 x 10
(75s)

HL: 90% 1RM; 8 x 3
(3 min)

LL: 10% MVC; >100 x
10; 90° (2 min)

LL: 50% MVC,; 24 x 5;
90° (2 min)

HL: 100% MVC,; 22 x 5;
90° (2 min)

No

No

Serum [CK, Mb, LDH,

IL-6, CRP]

Muscle soreness VAS
(rested)

CMJ peak power

Isometric MVC knee
flexor

Isokinetic MVC at 60°
and 180° leg extension
Isometric mid-thigh-
pull peak force
Isometric half squat
peak force

Vastus lateralis CSA
and MT by ultrasound

Plasma [CK]

Muscle soreness VAS
(unloaded arm extension)

Isometric MVC elbow
flexor

ROM elbow joint
Upper arm CIRC

Pre
Post
+30 min
+24 h
+48 h
+72 h

Pre
Post
+30 min
+24 h
+48 h
+72h
+96 h
+120 h

MIL-6] at +30 minin LL
MMuscle soreness at post
to+72hinLL

J Isometric MVC at
+48-72 h; CMJ at +30
min and +48 h; and
Isokinetic peak torque at
60° at +30 min and +24 h
inLL

MCSA at +30 min and
+24-48 hin LL

MPeak [CK] and muscle
soreness in HL vs LL

J Isometric MVC at post
was intensity-dependent
(10% > 50% > 100%); as
was recovery speed of
isometric MVC and ROM
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Cornishetal.  Crossover
(2018) n=11M;
older adults;
untrained
Draganidis et  Crossover
al. (2013) n=10 M;

young; trained

Chest
press,
shoulder
press,
seated
row, leg
press, leg
extension,
plantar
flexion
Back
squat, leg
extension,
leg curl,
lunge, calf

raise

LL: 60% 1RM; 2 x 12
(1 min)

HL: 72% 1RM; 2 x 10
(1 min)

HL: 80% 1RM; 3 x 6
(1 min)

LL: 65-70% 1RM; 4 x
8-10 (1 min)

HL: 85-90% 1RM; 4 x
4-6 (3 min)

Non-exercising control

Yes

No

Plasma [Mb and 1L-6]

Serum [CK and CRP]
Muscle soreness VRS
(during palpation)

ROM knee joint

1RM

Football-specific skills
(dribbling, passing,
shooting, and heading)

Pre
Post
+3h
+24 h
+48 h

Pre
Post
+30 min
+24 h
+48 h
+72h

from +24 to +120 h (10%

> 500 > 100%)

MCRP] at post and +24
hin HL

“MMuscle soreness at
post, +24 and +48 h in
HL
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Guzel et al.
(2007)

Hasenoehrl et
al. (2017)

Mendham et
al. (2011)

Parallel
n=20M;
young;
untrained

Crossover
n=15M;

young; trained

Crossover
n=12M;
middle-age;

untrained

Back
squat, leg
extension,
lat pull-
down,
chest press
(circuit)
Eccentric
elbow

flexor

Chest
press,
shoulder
press, lat
pull-down,
leg press,
leg curl,
leg
extension,

lunge

LL: 20-35% 1RM; 3x  No
20-30 (1 min)

HL: 80-95% 1RM; 3 x

2-8 (1 min)

LL: 50% 1RM; 3 x to No
failure (30 s)

HL: 100% 1RM; 3 x to
failure (30 s)

LL: 60% 1RM; 3 x 10 No
(90 s)

HL: 80% 1RM; 3 x 10

(90 s)

Plasma [CK and NO]

Serum [CK, Mb and IL-
6]

Muscle soreness VAS
(rested)

Upper arm CIRC

Serum [CK, Mb, CRP
and 1L-6]

Total leukocyte count

Post
+6 h
+24 h
+48 h
+72 h

Pre

+24 h
+48 h
+72h
+96 h

Pre
Post
+3h
+24 h

MNO,] at +6-48 h in HL

MArm CIRC at pre to
+96 hin HL

MIL-6] at post, [Mb] and
total leukocyte count at
+3 h, and [CK and CRP]
at +24 hiin HL
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Nosaka and
Newton
(2002)

Nosaka et al.

(2002b)

Crossover Unilateral
n=8M; eccentric
young; elbow
untrained flexor
Parallel Unilateral
n =68 M; elbow
young; flexor
untrained

LL: 50% isometric No
MVC; 3 x 10; 130°

(3 min)

HL: 100% isometric

MVC; 3 x 10; 130°

(3 min)

LL: 9% isometric MVC; No
1 x ~3600; 120°

(2 h continuous)

HL: 100% isometric

MVC; 12 x 1 eccentric;

90° (15s)

Plasma [CK]
Muscle soreness VAS

(during palpation and

unloaded arm extension)
ROM elbow joint
Isometric MVC elbow
flexor

Upper arm CIRC
Elbow flexor MT by
ultrasound

Plasma [CK]

Muscle soreness VAS

(during palpation and
unloaded arm extension and
flexion)

Isometric MVC elbow
flexor

Upper arm CIRC

MT by ultrasound

Pre
Post
+24 h
+48 h
+72 h
+96 h
+120 h

Pre
Post
+1 h*
+3 h*
+6 h*
+10 h*
+24 h
+48 h
+72h
+96 h
*LL only

MCK] at +48-120 h in
HL

MPeak soreness when
muscle extended in HL
J Isometric MVC at post
to +120 h and ROM at
+24-120 hiin HL
MCIRC and MT at +72—
120 hiin HL

MCK] and soreness in
extended muscle at +24—
96 hin HL

J Isometric MVC at post
in LL and at +24-96 h in
HL

MArm CIRC at post to
+96 hin HL
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Orssatto et al.
(2018)

Paschalis et al.
(2005)

Peake et al.
(2006)

Parallel
n=22(15M,
7 F); older
adults;

untrained

Crossover
n=12 M;
young;

untrained

Crossover
n=10 M;
young;

untrained

Leg press,
leg curl

Unilateral
eccentric
knee

extensor

Unilateral
eccentric
elbow

flexor

LL: 60% 1RM; 3 x to
failure (2 min)
HL: 85% 1RM; 3 x to
failure (2 min)

LL: 50% eccentric
MVC; continuous until
volume-matched

HL: 80% eccentric
MVC; 12 x 10

(2 min)

LL: 10% isometric
MVC; 10 x 60; 60°
(1 min)

HL: 100% isometric
MVC; 10 x 3; 60°
(3 min)

No

Yes

No

Isometric MVC knee
extensor

CMJ height

‘Up and go’ time

Stair ascent and descent
time

Serum [CK]

Muscle soreness VRS
(during palpation)

ROM knee joint
Isometric MVC knee
extensor

Eccentric MVC

Plasma [CK, Mb and
CRP]

Serum [IL-6, IL-10 and
TNF-a]

Muscle soreness VAS
(during palpation) and PPT

test (with pressure
algometry)
Isometric MVC elbow

flexor

Upper arm CIRC

Pre
Post
+24 h
+48 h
+72 h

Pre

+24 h
+48 h
+72 h
+96 h

Pre
Post
+3h
+24 h
+48 h
+72h
+96 h

J Isometric MVC at +24—
48 h in HL

MCK] at +24 hin HL

J Isometric MVC at
+24-96 h and EPT at +24
and +72-96 h in HL

J Isometric MVC at
+24-96 h and ROM at
+48-96 h in HL

172



ROM elbow joint

Uchidaetal. Parallel Bench LL: 50% 1RM; 4 x 20 Yes Plasma [CK, IL-6, IL-  Pre
(2009) n=235M,; press (2 min) 1B and TNF-q] +24 h
young; trained HL: 75% 1RM; 5 x 11 Muscle soreness VAS +48 h
(2 min) (during palpation) +72 h
HL: 90% 1RM; 10 x 4
(2 min)

HL: 110% 1RM; 8 x 4
eccentric-only (2 min)

Non-exercising control

Arrows indicate a significant difference between groups (1 = higher, |, = lower, <> = no significant differences); participant age is classified
as young (18-39y), middle-aged (40-64 y), and older adults (> 65 y) (Schoenfeld et al., 2017,); M = males; F = females; HL = high-load; LL =
low-load; CK = creatine kinase; Mb = myoglobin; LDH = lactate dehydrogenase; IL = interleukin; TNF-a = tumor necrosis factor-alpha; CRP
= C-reactive protein; NOx = nitric oxide; 1RM = one repetition maximum; MVC = maximal voluntary contraction; VAS = visual analogue scale;
VRS = visual rating scale; PPT = pressure-pain threshold; CMJ = counter movement jump; CSA = cross-sectional area; MT = muscle thickness;

ROM = range of motion; CIRC = circumference.
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5.4.1. Study Quality and Overview

The methodological quality rating of the included studies is presented in Table 5.2. The mean
and median rating of study quality was five, indicating the pool of studies were of good quality.
Only one study was categorised as poor quality and three as excellent. In total, 323 participants
were included in the 15 studies, consisting of 21 trials. The majority of participants were male
(98%) and in most studies (n = 8) were young and untrained. The resistance exercise protocol
used to induce muscle damage included both eccentric and concentric muscle contractions in
nine of the studies, and eccentric-only contractions in the remaining six studies. Most exercise
protocols were restricted to upper-body muscle groups (n = 7 studies) with only three studies
using whole-body resistance exercise (Cornish et al., 2018; Guzel et al., 2007; Mendham et al.,
2011). In 13 studies, the total work volume of the exercise was prescribed, while in 2 studies,
participants performed each exercise set to volitional failure (Hasenoehrl et al., 2017; Orssatto
et al., 2018). Consequently, in only three studies was the total volume of the exercise matched
between groups (Cornish et al., 2018; Paschalis et al., 2005; Uchida et al., 2009).

Table 5.2. Methodological quality rating of studies included in the scoping review (n = 15)

Reference Total score (/7)  Rating
Arazi and Asadi (2018) 5 Good
Barroso et al. (2011) 4 Moderate
Bartolomei et al. (2017) 5 Good
Chen et al. (2020) 4 Moderate
Cornish et al. (2018) 6 Excellent
Draganidis et al. (2013) 5 Good
Guzel et al. (2007) 5 Good
Hasenoehrl et al. (2017) 5 Good
Mendham et al. (2011) 5 Good
Nosaka and Newton (2002) 5 Good
Nosaka et al. (2002y) 4 Moderate
Orssatto et al. (2018) 6 Excellent
Paschalis et al. (2005) 4 Moderate
Peake et al. (2006) 3 Poor
Uchida et al. (2009) 7 Excellent
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Among the studies reviewed, the most common measures used to assess muscle damage, which
were obtained up to 120 h post-exercise, were subjective muscle soreness, MVC, and plasma
or serum [CK]. Therefore, these muscle damage markers will be summarised and discussed.

5.4.2. The Impact of Exercise Load on Maximal Voluntary Contraction

Following EIMD, reductions in MVC are most debilitating to future exercise performance.
Performing resistance exercise with lighter loads may reduce the post-exercise decline in
maximal strength and accelerate its recovery. It was established by this review that shortly (<24
h) after resistance exercise performed with low loads, the decline in MVC was significantly
attenuated (Barroso et al., 2011; Nosaka & Newton, 2002) or comparable (Draganidis et al.,
2013; Orssatto et al., 2018; Peake et al., 2006) to when exercise was performed with high loads.
While augmented strength loss <24 h following low- versus high- load resistance exercise was
not reported in some studies (Bartolomei et al., 2017; Chen et al., 2020; Nosaka et al., 2002y),
the recovery of maximal strength toward baseline values occurred more rapidly during the days
following low-load exercise (Chen et al., 2020; Nosaka & Newton, 2002; Nosaka et al., 2002y;
Orssatto et al., 2018; Peake et al., 2006). Thus, these outcomes suggested that resistance
exercise performed with lower loads induced transient strength loss, while higher loads
triggered more sustained strength decrements. Furthermore, low-load resistance exercise did
not always cause significant strength loss from pre-exercise values (Barroso et al., 2011;
Draganidis et al., 2013; Paschalis et al., 2005). Whereas, in only one instance was maximal
strength preserved following high-load resistance exercise (Bartolomei et al., 2017). It likely
follows that utilising lower loads during resistance exercise is beneficial for managing muscle

strength loss associated with EIMD.

Lack of methodological control over other resistance exercise variables might explain why, in
some cases (Bartolomei et al., 2017; Chen et al., 2020; Nosaka et al., 2002y), exercise-induced
strength loss was greater when lower loads were utilised. For example, augmented strength loss
immediately following a series of elbow flexions performed with lower (9% of maximal
isometric force [MIF]) compared to higher (100% MIF) loads was reported by Nosaka et al.
(2002,). However, there were dissimilarities between the two exercise protocols, additional to
the exercise load. First, the low-load exercise included both concentric and eccentric muscle
contractions, whereas the high-load exercise consisted only of eccentric muscle contractions.
Second, due to different starting angles of the elbow joint, the total ROM of the muscle action

was greater in the low-load compared to high-load condition (120 vs 90 °), and it is widely
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accepted that joint ROM during muscle contraction influences the magnitude of EIMD (Fochi
et al., 2016; Newham et al., 1988; Nosaka et al., 2005; Nosaka & Sakamoto, 2001; V&czi et al.,
2009). Third, the total volume of work performed by the low-load group was notably greater
than the high-load group (Nosaka et al., 2002). These factors may have confounded the EIMD
response and masked the impact of exercise load.

Varied methods between trials were adopted by some studies included in this review, which
could have confounded the impact of exercise load. For instance, providing a shorter inter-set
rest period in the low-load compared with high-load exercise protocols was associated with
more marked strength reductions <24 h post-exercise in some (Bartolomei et al., 2017; Nosaka
et al., 2002,) but not all (Draganidis et al., 2013; Paschalis et al., 2005; Peake et al., 2006)
cases. Shorter inter-set rest periods can reduce total work capacity when exercise is performed
to volitional failure (Evangelista et al., 2011). However, it is not clear whether the total work
volume or number of sets performed influences exercise-induced strength loss. Between-group
differences in strength decrements and recovery were noted both by Nosaka et al. (2002,) and
Chen et al. (2020), which might have been partly due to the varied number of sets performed
between low- and high- load exercise conditions. Nonetheless, it was indicated by Barroso and
colleagues (2011) that at a constant exercise intensity, the number of sets performed was not a
determinant of exercise-induced strength loss. These conflicting data likely represent the
impact of several exercise variables, not exercise load alone, on EIMD. Matching other
exercise variables (joint starting angle, ROM, and contraction velocity) between conditions
resulted in a greater immediate reduction in maximal arm strength following elbow flexor
exercise performed at 110% compared to 70% of 1RM (Barroso et al., 2011). These data
suggested that exercise load influences the magnitude of strength decline when other exercise
variables are consistent between conditions. Therefore, standardising methods within studies

and manipulating only exercise load is paramount to understanding its role in EIMD.

Disagreement regarding the impact of exercise load on strength loss may also be due to
divergent methods used for assessing MVC, i.e. isotonic (Barroso et al., 2011; Draganidis et
al., 2013) compared with isometric and isokinetic (Chen et al., 2020; Nosaka & Newton, 2002;
Nosaka et al., 2002y; Orssatto et al., 2018; Peake et al., 2006) strength tests. In support of this
notion, both isometric and isokinetic knee flexor MVVC were measured in trained males by
Bartolomei and colleagues (2017) following back squat exercise performed at 70% or 90% of
1RM. Relative to with higher exercise loads, isokinetic MVVC was reduced significantly more

<24 h following exercise with lower loads, whereas the between-group difference in isometric
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MVC was not evident until 48-72 h post-exercise. Likewise, between-group differences in the
reduction in knee extensor (Orssatto et al., 2018) and elbow flexor (Peake et al., 2006) isometric
MVC were apparent >24 h, but not immediately, post-exercise. These findings indicate a time-
course discord between isometric and isokinetic strength reduction following resistance
exercise. Therefore, comparing between studies that utilise varied methods to measure MVVC
may not be reasonable, and it follows that future studies should adopt standardised methods of

strength assessment where feasible.

Muscle-damaging exercise protocols are often extreme and unrealistic of habitual training, and
so, the outcomes may not be applicable outside of experimental settings. For example,
untrained males were subjected by Chen et al. (2020) to 100 sets of 10 unilateral eccentric
elbow flexions performed at 10% of MVC. Comparatively, only 12 sets of 10 high-load
unilateral eccentric knee extensions were completed by untrained males previously (Paschalis
et al., 2005), which was still considerably more than the recommended range of 1-3 sets for
untrained individuals (ACSM, 2009). Extreme exercise protocols were indicated to impact the
EIMD response to varied exercise load in the series of studies from Nosaka and colleagues.
Unilateral elbow flexions were performed with a load equivalent to 9% of MVC, continuously
for 2 h, by untrained males in their preliminary work (Nosaka et al., 2002p). Significantly
greater reductions in isometric MVC immediately post-exercise were induced by this protocol
compared with the high-load protocol (12 sets x 1 maximal eccentric-only). In contrast, a low-
load exercise protocol that reflected habitual resistance training (3 x 10 unilateral eccentric
elbow flexions at 50% of isometric MVC) and was more akin to current training
recommendations (ACSM, 2009) was utilised in their follow-up study (Nosaka & Newton,
2002). Opposing the previous findings (Nosaka et al., 2002y), peak muscle force was better
maintained at all post-exercise time-points with low-load relative to high-load (3 x 10 at 100%
MVC) exercise. This study, as well as others (Arazi & Asadi, 2018; Orssatto et al., 2018),
showed that real-life resistance exercise protocols can induce significant muscle damage and
enable the detection of between-group differences; thus, are appropriate for use in experimental
models of EIMD.

Overall, the studies reviewed here have indicated that resistance exercise load does not greatly
influence early (<24 h) post-exercise reductions in MVC, as a similar number of studies
reported comparable (n = 4) or greater preservation of MVC with low-load (n = 3) or high-load
(n = 3) resistance exercise (Figure 5.2). During the later recovery period (24-96 h post-

exercise), maximal strength appears to be more impaired following high-load resistance
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exercise, implying a delayed recovery response relative to low-load exercise. Therefore,
performing resistance exercise with lower loads may be advantageous first, to attenuate

maximum strength decrements and second, to accelerate strength recovery.
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Figure 5.2. Overview of the exercise-induced change in maximal voluntary contraction among the

studies reviewed.
Time-point is in relation to exercise; positioning in favour of exercise load represents a smaller

reduction in MVC; subscripts a and b represent different trials within the same study.

178



5.4.3. The Impact of Exercise Load on Muscle Soreness

Muscle soreness was assessed in 11 studies (Arazi & Asadi, 2018; Barroso et al., 2011;
Bartolomei et al., 2017; Chen et al., 2020; Draganidis et al., 2013; Hasenoehrl et al., 2017,
Nosaka & Newton, 2002; Nosaka et al., 2002p; Paschalis et al., 2005; Peake et al., 2006; Uchida
et al., 2009) all with use of VAS/VRSs and, in one study, pressure algometry (Peake et al.,
2006). At 48 h post-exercise, when muscle soreness typically peaks (Clarkson & Hubal, 2002),
8 out of 16 trials reported significantly higher muscle soreness following high-load compared
with low-load resistance exercise (Figure 5.3). A negative impact of using lower exercise loads
on muscle soreness was documented in only one trial (Bartolomei et al., 2017). Independent of
exercise load, muscle soreness peaked at 24-48 h post-exercise (Figures 5.4.a and b), although
tended to be alleviated more rapidly following low-load exercise (Chen et al., 2020; Draganidis
et al., 2013; Nosaka & Newton, 2002; Nosaka et al., 2002y; Peake et al., 2006). Significant
elevations in muscle soreness were sustained for 72-96 h post-exercise in both conditions in
some studies (Arazi & Asadi, 2018; Paschalis et al., 2005), yet rarely did low-load (Barroso et
al., 2011) or high-load (Bartolomei et al., 2017) exercise fail to induce significant increases in

SOreness.

Exercise-induced muscle soreness has been argued to poorly reflect the severity of EIMD
(Nosaka et al., 2002,) owing to its subjectivity and high variability (Damas et al., 2016,). In
support, varied changes in muscle soreness were identified in this review, with post-exercise
increases ranging 10-61 and 22-70 mm (100 mm scale) following low- and high- load exercise,
respectively. Muscle soreness variability appeared to be influenced by participant training
status, irrespective of exercise load. Across all exercise conditions, peak muscle soreness
ratings ranged 24-61 mm in resistance trained individuals and 15-80 mm in untrained
individuals. Therefore, resistance exercise experience and familiarity with muscle soreness
sensations may increase the accuracy in which muscle soreness rating scales are completed.
Nonetheless, the impact of EIMD on muscle soreness is challenging to isolate, given that many
other factors including present mood, hormonal status, and sleep quality (Lautenbacher et al.,
2006; Melzack, 1982) can affect pain and soreness perception. Accordingly, subjective
measures of muscle soreness in EIMD research should be interpreted with scepticism, as
between- and within- group variability in muscle soreness outcomes may not necessarily
indicate a treatment effect. Therefore, assessments of muscle soreness alone should not be used

to determine the magnitude of EIMD in response to varied exercise load.
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Low-load resistance exercise was rarely associated with more severe muscle soreness
compared to high-load exercise in the current review. In one instance (Bartolomei et al., 2017),
performing a high volume (80 total repetitions) of back squat exercise with a load equivalent
to 70% of 1RM induced significant muscle soreness in trained males for up to 72 h post-
exercise. Whereas, performing a lower volume (24 total repetitions) of exercise with a higher
load (90% of 1RM) did not induce muscle soreness. Considering the exercise loads were
similar and both rather high, it was feasible that differences in exercise volume (load x sets x
repetitions) contributed to the contrasting muscle soreness responses between groups. In
support, the exercise volume and inter-set rest period were standardised between groups in the
tightly-controlled, five-arm study by Uchida et al. (2009) to examine the isolated impact of
bench press load on muscle soreness. By this means, muscle soreness upon palpation was of
equivalent magnitude after bench press exercise performed at 50%, 75%, or 90% of 1RM.
While these data suggested that exercise load is not a determinant of muscle soreness, support

from further, more robust experimental trials is needed.

Unlike previous observations (Uchida et al., 2009), it was indicated by the outcomes of this
review that exercise load was a greater factor than exercise volume in muscle soreness.
Performing unilateral eccentric elbow flexions with a lower load did not induce muscle
soreness in untrained males, despite a greater total work volume to when higher loads were
used (Barroso et al., 2011). The observation of attenuated muscle soreness has been supported
by several others following high volumes of upper-body (Chen et al., 2020; Nosaka et al.,
2002p) and lower-body (Arazi & Asadi, 2018; Draganidis et al., 2013) low-load exercise,
compared to lower volumes of exercise using heavier loads. Consequently, muscle soreness
may be intensified by an increase in active muscle tension, as opposed to an increase in total
muscle work output. As such, the utilisation of lower loads during resistance exercise could
help manage muscle soreness even when high volumes of exercise are performed (Evangelista
etal., 2011).

A benefit of using lower exercise loads for reducing muscle soreness was identified in half of
the trials included in this review, while half reported no benefit (Figure 5.3). These conflicting
data could be attributed to the varied methods used for assessing muscle soreness between
studies. Muscle soreness assessments were conducted at rest (Barroso et al., 2011; Bartolomei
etal., 2017; Hasenoehrl et al., 2017), during unloaded contraction (Arazi & Asadi, 2018; Chen
et al., 2020; Nosaka & Newton, 2002; Nosaka et al., 2002,), and during muscle palpation
(Draganidis et al., 2013; Nosaka & Newton, 2002; Nosaka et al., 2002p; Paschalis et al., 2005;
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Peake et al., 2006; Uchida et al., 2009). Accordingly, lower muscle soreness in the low-load
compared with high-load exercise group during passive contraction of the elbow flexors, but
not during muscle palpation, was reported by Nosaka and colleagues (2002; 2002).
Participants in the low-load group also experienced greater post-exercise elbow joint ROM,
which suggested that muscle soreness related to muscle contraction might be a product of
muscle stiffness; while muscle soreness associated with muscle palpation could be a
consequence of oedema (Damas et al., 2016,). Examining muscle soreness outcomes using
different assessment methods would help establish whether disagreements among studies are
due to inconsistent muscle soreness assessment methods. Further, this knowledge could help
improve understanding of the mechanisms underpinning the development of exercise-induced

muscle soreness.

Overall, it was discovered by this review that performing resistance exercise with lower loads
typically induced a blunted and less sustained muscle soreness response relative to exercise
with higher loads. Muscle soreness is a potential limiting factor of exercise compliance and
future exercise quality and subsequently, exercise adaptations. Therefore, individuals may
benefit from using lower resistance exercise loads to ensure repeated bouts of high-quality
exercise can be performed without the hindrance of severe and sustained muscle soreness. All
the while, the subjective and variable nature of muscle soreness, concurrent with its
vulnerability to be affected by other physiological and psychological factors, should be

considered when interpreting these outcomes.
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Figure 5.3. Overview of the exercise-induced change in muscle soreness among the studies
reviewed.
Time-point is in relation to exercise; positioning in favour of exercise load represents a smaller

increase in muscle soreness; subscripts a and b represent different trials within the same study.
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5.4.4. The Impact of Exercise Load on Blood Creatine Kinase Concentration

Creatine kinase concentration within plasma (Arazi & Asadi, 2018; Chen et al., 2020; Giizel et
al., 2007; Nosaka & Newton, 2002; Nosaka et al., 2002y,; Peake et al., 2006; Uchida et al.,
2009) or serum (Bartolomei et al., 2017; Draganidis et al., 2013; Hasenoehrl et al., 2017;
Mendham et al., 2011; Paschalis et al., 2005) was measured in 13 of the studies reviewed.
Exercise-induced elevations in [CK] typically peak after 3-5 d (Clarkson & Hubal, 2002).
Here, only 6 studies measured [CK] >72 h post-exercise, and therefore, many studies likely did
not detect peak [CK]. As depicted in Figure 5.5, in no instance or time-point did low-load
resistance exercise induce a significantly greater increase in [CK] than high-load exercise. The
rise in [CK] at 48-72 h following low-load and high-load exercise was equal in 9 out of 15

trials.

Incrementally reducing resistance exercise load could have increasingly protective effects on
cell membrane stability. As demonstrated by Arazi and Asadi (2018), leg press exercise
performed at 80% 1RM by untrained males attenuated the CK response 24-72 h post-exercise
compared to when performed at 100% 1RM. Lowering exercise load to 60% 1RM further
attenuated [CK]. Likewise, following elbow flexions performed by untrained males, the [CK]
rise was reduced with use of exercise loads equivalent to 10% of maximal relative to 50% and
further abated relative to 100% (Chen et al., 2020). Taken together, these data suggested that
higher resistance exercise loads — associated with greater muscle tension — disrupted myofibre
membrane stability more so than lower exercise loads. Therefore, lowering active muscle
tension by utilising exercise loads equivalent to 50-60% of 1RM could help maintain cell

membrane permeability and reduce intramuscular protein leakage.

High intensity eccentric contractions are commonly believed to maximise muscle damage
(Allen, 2001; Ebbeling & Clarkson, 1989; Margaritelis et al., 2021; Stauber, 1989). It was
found by this review that eccentric exercise performed with heavier loads was associated with
a greater rise in post-exercise [CK] in some (Chen et al., 2020; Nosaka & Newton, 2002;
Paschalis et al., 2005) but not all (Hasenoehrl et al., 2017; Peake et al., 2006) studies. In a
crossover design, [CK] comparably increased after eccentric elbow flexions performed to
volitional failure at 50% or 100% of 1RM by trained males (Hasenoehrl et al., 2017). Similarly,
10 sets of unilateral eccentric elbow flexions completed at 10% or 100% of isometric MVC by
untrained males significantly increased [CK] at 72-96 h post-exercise compared to baseline,

with no differences between groups (Peake et al., 2006). Therefore, resistance exercise with a
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largely eccentric component can cause significant muscle damage, evidenced by increased
membrane permeability, irrespective of exercise load. It has recently been proposed that muscle
damage induced by eccentric exercise is predominantly due to the unfamiliar nature of
eccentric muscle contractions (Margaritelis et al., 2021). Accordingly, the EIMD response to
eccentric resistance exercise of varied load may be influenced by training status. In support of
this concept, similar increases in [CK] following supramaximal (110% 1RM) eccentric bench
press exercise and submaximal (50%, 75%, or 90% 1RM) concentric bench press exercise
performed by trained males were documented by Uchida and colleagues (2009). The training
experience of these participants could have accustomed them to eccentric exercise and offered
a protective effect against its damage, relative to those with little resistance training experience.
This rationale (Margaritelis et al., 2021) might explain why utilising heavier loads during
eccentric resistance exercise does not always cause greater muscle damage than when lighter

loads are used.

Exercise-induced disruption to myofibre membrane stability seemingly depends on the muscle
group exercised, with greater intramuscular protein leakage following exercise performed with
upper-body muscle groups (elbow flexors and extensors) compared with lower-body muscle
groups (knee flexors and extensors) (Chen et al., 2011). In the present review, peak increases
from baseline in [CK] ranged ~113-400% and ~66-1600% after lower-body exercise (Arazi &
Asadi, 2018; Bartolomei et al., 2017; Draganidis et al., 2013; Paschalis et al., 2005) and ~151-
818% and ~75-5039% after upper-body exercise (Chen et al., 2020; Nosaka & Newton, 2002;
Nosaka et al., 2002y; Peake et al., 2006; Uchida et al., 2009) performed with low and high
loads, respectively. Supporting previous observations (Chen et al., 2011), these data indicated
that exercise-induced myofibre membrane disruption was greater when smaller muscle groups

were engaged, irrespective of the exercise load.

In agreement with others (Nosaka & Clarkson, 1996¢), high variability in [CK] following low
and high load resistance exercise was identified in this review (Figures 5.6.a and b).
Individuals who experience robust exercise-induced increases in blood [CK] are considered
‘high-responders’ (Chen, 2006; Clarkson & Ebbeling, 1988). In the study by Nosaka and
Newton (2002), untrained males presented low inter-individual variability in baseline [CK],
yet post-exercise peak [CK] was highly variable among participants performing high-load (CV
= 91%) and especially low-load (CV = 233%) resistance exercise. Likewise, CK responses to
exercise were found by Peake et al. (2006) and others (Bartolomei et al., 2017) to be more

variable when lower exercise loads were utilised [CV = 185% and 76% for low and high loads,
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respectively; Peake et al. (2006)]. These studies suggested that exercise-induced [CK]
variability was more pronounced when exercise was performed with lighter loads.
Furthermore, it was highlighted by this review that individuals can be ‘high responders’ even

when resistance exercise was performed with lighter loads.

Overall, the CK response to resistance exercise appears to be influenced by exercise load.
Resistance exercise performed with low loads did not induce significantly greater elevations in
blood [CK] compared to when performed with high loads in any study under review. However,
in several cases, the CK response was comparable between low and high load exercise
conditions, which may be attributed to other exercise variables or to individual variation in the
CK response. Due to its variable nature and poor relationship with other muscle damage
markers, it has been suggested that the analysis of [CK] and other blood proteins should not be
used to assess EIMD; instead focus should be directed toward functional markers (Warren et
al., 1999). This discord was evident in the present review, whereby significant differences
between exercise conditions existed for changes in MVC or muscle soreness, but not for [CK]
(Bartolomei et al., 2017; Draganidis et al., 2013; Peake et al., 2006) or vice versa (Paschalis et
al., 2005). Also, from a practical perspective, [CK] measurements require advanced analytical
techniques that are not feasible to the typical exerciser — unlike feelings of muscle soreness or
weakness which can be easily gauged and used to judge when one is physically and mentally
ready to resume exercise. Therefore, while examining CK responses to exercise has proven
useful for understanding the mechanisms and management strategies for EIMD, other indirect

muscle damage markers are perhaps more appropriate moving forward.
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Figure 5.5. Overview of the exercise-induced change in creatine kinase concentration ([CK])

among the studies reviewed.
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5.5.0. Limitations and Directions for Future Research

There were several limitations to the current review that may impact the application of its
outcomes. A key limitation was that the included studies encompassed a 98% male sample,
and therefore, the outcomes may not be generalised to female populations. Further, most
participants were young (<35 y), and so, the impact of exercise load on EIMD in older adults
is inconclusive. Future EIMD research should include both male and female participants with

the aim of comparing between sexes were feasible.

A crossover design was employed by many of the studies reviewed (Bartolomei et al., 2017;
Cornish et al., 2018; Draganidis et al., 2013; Hasenoehrl et al., 2017; Mendham et al., 2011;
Nosaka & Newton, 2002; Paschalis et al., 2005; Peake et al., 2006), which may have subjected
these outcome data to RBEs (Hough, 1902; Nosaka & Aoki, 2011). The washout period
between conditions (7-28 d) was generally insufficient to prevent the attenuation of muscle
damage during repeated exercise bouts. Positively, a contralateral limb model was used in some
studies to help manage RBEs (Nosaka & Newton, 2002; Paschalis et al., 2005). However,
group allocation was not counterbalanced in some crossover studies, and so, these data may
have been vulnerable to order-effects (Paschalis et al., 2005; Peake et al., 2006). Despite the
high inter-individual variability of EIMD, between-subject parallel group study designs are

more appropriate when RBEs effects cannot be adequately managed.

In many studies, the exercise protocols sought to maximise muscle damage, i.e. eccentric-only
contractions of small muscle groups performed by untrained individuals (Barroso et al., 2011;
Chenetal., 2020; Hasenoehrl et al., 2017; Nosaka & Newton, 2002; Nosaka et al., 2002,; Peake
et al., 2006). Such experimental protocols do not reflect habitual exercise, which typically
involves more than one muscle group and a combination of eccentric and concentric
contractions. Studies that utilised more realistic exercise protocols in the present review
sometimes (Arazi & Asadi, 2018; Bartolomei et al., 2017; Draganidis et al., 2013; Mendham
et al., 2011; Orssatto et al., 2018) but not always (Cornish et al., 2018; Guzel et al., 2007;
Uchida et al., 2009) reported an impact of exercise load on measures of EIMD. To better
understand the relationship of exercise load and EIMD in a real-world setting, future research
should use exercise protocols that mimic standard hypertrophy and strength training

programmes.

Measures of muscle function, particularly MVC, have been deemed to best reflect the

magnitude of EIMD (Damas et al., 2016z). Several studies that solely measured the
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concentration of blood proteins to assess EIMD were included in this review (Cornish et al.,
2018; Guzel et al., 2007; Mendham et al., 2011), while others also included an assessment of
muscle soreness (Arazi & Asadi, 2018; Uchida et al., 2009). These markers have shown to
poorly relate to muscle function, and therefore, their use for EIMD assessments in the absence
of functional measures has been discouraged (Nosaka et al., 2002.; Warren et al., 1999). Only
the change in MVVC was examined as a functional marker of EIMD in the current review. Future
research may wish to review the impact of exercise load on other functional markers, such as
ROM and various exercise performance tests (power, speed, agility, sport-specific etc.), which
could have wider application.

Another limitation of the present review was the thresholds used to classify exercise load
(<70% 1RM for low-load and >70% 1RM for high-load). Typically, exercise loads of ~70%
1RM would be deemed as high intensity. However, upon a preliminary study search, many
trials compared exercise performed at 70% of maximal load against a higher intensity
comparator. Therefore, exercise load was categorised as such to ensure maximal inclusion of
relevant studies. Examining the impact of moderate exercise loads (possibly 50-70% 1RM)

relative to low and high loads on EIMD may produce different outcomes.

5.6.0 Conclusion

This scoping review has demonstrated that resistance exercise performed with lighter compared
to heavier loads often reduced muscle damage in adult males. In some cases, exercise load did
not impact the severity of EIMD, though this might be explained by methodological differences
within and between trials. As such, low-load resistance exercise is a viable management
strategy for EIMD in males. It has already been established that resistance exercise performed
with lower loads, while being perceptively less exerting, can induce comparable muscle
adaptations to those resulting from exercise with higher loads. It follows that resistance
exercise recommendations, particularly those targeted toward individuals who are novice,
undergoing injury rehabilitation, older adults, or simply hesitant to utilise heavy weights, may
wish to incorporate or exclusively use lighter weights. Due to a dominance of research
conducted with males, the impact of exercise load on EIMD in females could not be concluded
in the present review, and therefore, these recommendations might not be applicable to female

populations.
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5.7.0. Link to Next Chapter

It was identified by this scoping review that EIMD in males can be attenuated by utilising lower
exercise loads. Given that the impact of exercise load on EIMD in females is currently unknown
and may be subject to sex differences, it was considered important to conduct an RCT that
included both sexes. Accordingly, a protocol for an RCT investigating the impact of low-load
versus high-load habitual-type resistance exercise on EIMD responses in untrained males and
females was described in the next chapter of this thesis.
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CHAPTER 6 Sex differences in the impact of resistance exercise load on muscle damage: A

protocol for a randomised parallel group trial

6.1.0. Prelude

While it was not possible to conduct this RCT during the course of this PhD, a modified version
of the following study protocol has been published with open-access in PLOS One and may be
used by researchers as a guide for developing similar studies. Focus was placed on involving
appropriate female-orientated methodologies, for example, by controlling MC phase and
analysing serum oestrogen concentration, allowing more accurate sex-comparison. This
protocol incorporated the same EIMD markers and time-points of assessment as the RCT
presented earlier in this thesis (chapter 4) to increase uniformity in EIMD research, which has

often been lacking.
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6.2.0. Introduction

Individuals engage in resistance exercise for a multitude of reasons, not limited to improving
sport performance, enhancing body composition, delaying sarcopenia, and maintaining general
health and psychological well-being. At a rudimentary level, repeated bouts of resistance
exercise may culminate in skeletal muscle hypertrophy and increases in muscle force-
generating capacity (Schoenfeld, 2010). Research over the past decade has challenged the
notion that traditional high-load (>70% 1RM) resistance training is necessary to induce skeletal
muscle adaptations (Schoenfeld et al., 20172). Training with exercise loads as low as 30% 1RM
was suggested by Schoenfeld and colleagues (2017:) to elicit comparable skeletal muscle
hypertrophy and isometric strength gains to exercise with high loads. Nevertheless, the capacity
of skeletal muscle to adapt to resistance training may be limited by acute muscle fibre damage
(Damas et al., 2016p).

Skeletal muscle damage is a potential consequence of unaccustomed or eccentrically-biased
muscle contractions (Stauber, 1989). At a cellular level, the effects of the damage are targeted
toward the structural components of sarcomeres and to the sarcolemma, resulting in the leakage
of intramuscular proteins (e.g. creatine kinase and myoglobin) into systemic circulation (Allen
et al., 2001; Morgan et al., 1996; Warren et al., 1993). However, of greatest deterrent to the
exercising individual are those events that present themselves on the surface. Resistance EIMD
may cause muscle soreness, limb swelling, reduced flexibility, and most notably, decreased
muscle force-generating capacity (Clarkson & Hubal, 2002; Pyne, 1994; Warren et al., 1999).
The presence of these impairments for up to a week following EIMD (Farup et al., 2014)
increases the required recovery time preceding subsequent exercise bouts. In the absence of
sufficient recovery, exercise performance may suffer and, by this means, restrict the occurrence
of maximal training adaptations. Therefore, gaining understanding of the mechanisms
underpinning EIMD and developing mitigation strategies is paramount to researchers and

exercising individuals alike.

The severity of EIMD may be predetermined by several extrinsic variables of the exercise bout.
These include the muscle group exercised (Chen et al., 2011), total number of eccentric
contractions, velocity of movement (Chapman et al., 2008; Nogueira et al., 2013), muscle
length at which the contraction is initiated and maximum force is generated (Nosaka et al.,
2005; Vaczi et al., 2009), and the maximum force produced (Nosaka & Newton, 2002).

However, due to the inherent relationship between muscle force and length [i.e. length-tension
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curve (Gordon et al., 1966)], it is challenging to ascertain whether the severity of EIMD is
determined by the force production or length of the muscle, as they characteristically peak in
unison. Therefore, it is important to understand the effects of these variables in isolation on
EIMD. Studies in animals (Brooks et al., 1995; Talbot & Morgan, 1998) and humans (Fochi et
al., 2016; Newham et al., 1988; Nosaka et al., 2005; Nosaka & Sakamoto, 2001; Véczi et al.,
2009) have consistently demonstrated more severe EIMD when the targeted muscle was
stretched over a greater range of muscle lengths. Conversely, when the maximum force output
of the muscle is manipulated (i.e. by varying the exercise load or electrostimulation intensity)
the impact on EIMD magnitude is less transparent, at least in humans. For example, of the
studies comparing the impact of resistance exercise performed with low and high loads on
various markers of muscle damage, several reported no differences between exercise loads for
maximal voluntary contraction (Barroso et al., 2011; Draganidis et al., 2013; Uchida et al.,
2009), subjective muscle soreness (Arazi & Asadi, 2018; Hasenoehrl et al., 2017; Paschalis et
al., 2005; Peake et al., 2006; Uchida et al., 2009), or CK activity (Arazi & Asadi, 2018;
Bartolomei et al., 2017; Draganidis et al., 2013; Guzel et al., 2007; Hasenoehrl et al., 2017,
Paschalis et al., 2005; Peake et al., 2006). These data suggested that the muscle force generated
during contraction was not necessarily a prerequisite to EIMD. Although, in the instances
whereby EIMD differed between exercise loads, the outcome measures predominantly
favoured the low-load condition (Chen et al., 2020; Nosaka & Newton, 2002; Nosaka et al.,
2002p; Orssatto et al., 2018). In this regard, performing resistance exercise with lighter loads
may be a viable alternative to traditional high-load resistance exercise to attenuate EIMD,

without dampening muscular adaptations to training.

The current literature surrounding the EIMD response to varied exercise loads has
underrepresented exclusively female populations. Combined data from older male and female
adults was reported by Orssatto and colleagues (2018), in which resistance exercise performed
at 85% relative to 60% 1RM significantly reduced maximal isometric torque of the knee
extensor and flexor muscles. Young females alone were studied by Alvarez and colleagues
(2020), yet the exercise protocol incorporated blood flow restriction in the low-load condition
only, which was associated with mild muscle soreness. Therefore, the impact of exercise load

on EIMD is poorly understood in females.

The question as to whether EIMD is sex-specific is heavily debated among researchers (Hubal
& Clarkson, 2009; Pizza, 2009; Tiidus & Enns, 2009). Fundamental physiological differences

between males and females, including but not limited to skeletal muscle fibre type distribution,
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body adiposity, bone mineral density, maximal strength, muscle fatigue resistance, and sex
hormone milieu (Ansdell et al., 2020; Ivey et al., 2000; Karastergiou et al., 2012; Makovey et
al., 2005; Miller et al., 1993; Staron et al., 2000; Taraborrelli, 2015) may cause disparate EIMD
responses between sexes. While early animal models have strongly supported a role of
oestrogens in protecting against EIMD (Amelink & Bér, 1986; Amelink et al., 1990; Bér et al.,
1988; Clarkson & Sayers, 1999; Komulainen et al., 1999; St. Pierre Schneider et al., 1999),
this argument has not held in humans. Following eccentric exercise, females have experienced
more severe strength impairments (Minahan et al., 2015; Sewright et al., 2008), inflammation
(Maclntyre et al., 2000), and intramuscular protein leakage (Fredsted et al., 2008) relative to
their male counterparts. Consistent with previous animal models, attenuated EIMD in females
has been reported in some studies (Fernandez-Gonzalo et al., 2014; Kerksick et al., 2008;
Stupka et al., 2000), whereas others have failed to identify sex differences (Dannecker et al.,
2012; Eston et al., 2000; Hubal et al., 2008; Maclintyre et al., 2000; Morawetz et al., 2020;
Rinard et al., 2000; Sayers & Clarkson, 2001). Furthermore, the findings from studies
investigating the effects of HRT (Dieli-Conwright et al., 2009), HC use (Carter et al., 2001,
Minahan et al., 2015), and MC phase (Romero-Parra et al., 2021,; 2021,) have been
ambivalent. The determination of sex-dependent responses to EIMD is warranted to better

understand the factors influencing and potential management strategies for EIMD.

The following protocol is designed to address two aims: first, to investigate the acute muscle
damage response to a single bout of resistance exercise performed with low or high loads; and
second, to compare the EIMD response between untrained male and female young adults.
Combined with the growing body of literature, the outcomes of this RCT would inform the
development of sex-specific training recommendations to maximise adaptations while
minimising muscle damage. This protocol may be replicated or used as a basis for future

research on sex differences in EIMD.
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6.3.0. Methods

6.3.1. Study Design

A randomised, parallel group design will be employed to examine sex differences in indirect
markers of muscle damage in response to low-load and high-load resistance exercise.
Following an initial virtual screening to assess participant eligibility, the first two laboratory
visits will act as familiarisation sessions, during which leg muscle function and body
composition will be assessed. Participants will then be stratified by sex and randomised to
either a low-load (30% 1RM) or high-load (80% 1RM) exercise condition. A three-week period
will separate the familiarisation visits and the muscle damage exercise protocol to reduce the
influence of RBEs and to allow all measures to be conducted during the late follicular phase of
the MC in female participants. Venous blood samples and measures of limb circumference,
ROM, muscle soreness, and PPT will be obtained before, immediately after, and 4, 24, 48, 72,
and 168 h after the exercise bout. These time points should allow the peak values for each
marker to be captured, which are expected to progressively return to baseline values by 168 h
post-exercise. Additionally, during the 72 and 168 h post-exercise visits, assessments of muscle
function (leg peak torque, countermovement jump height, and 30-m sprint) will be repeated.
Muscle function will not be assessed immediately, 24, and 48 h post-exercise to mimic a
realistic training schedule in which a muscle group would be rested for >2 d. A schematic

overview of the study design is presented in Figure 6.1
6.3.2. Participants and Recruitment

Forty-eight healthy participants (24 males and 24 females, aged 18-35 years) will be recruited
to participate in this study. Participants will not have performed regular (>twice weekly)
resistance or eccentrically-biased exercise during the previous six-month period. Participants
will be recruited primarily from the Durham University student and staff cohort using a
convenience sampling strategy with sex stratification. Prospective participants will be invited
to volunteer for the study via email and social media (Twitter, LinkedIn) advertisements, as
well as word-of-mouth. A statistical power analysis was conducted using G*Power 3.1 to
determine the study sample size. The power calculation was based on a similar study by
Orssatto et al. (2018), which reported a significant difference in the change in isometric MVC
from baseline to 24 h post-exercise between low-load and high-load groups of 6.5%. The post-
exercise change in MVC is deemed the most valid indirect indicator of EIMD (Damas et al.,

2016.). The calculation revealed that 12 participants per group (48 total) were required to have
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80% power to detect a significant difference between groups when using a dependent t test
with a 0.05 two-sided significance level. Therefore, a total of 56 participants (14 low-load male,
14 low-load female, 14 high-load male, 14 high-load female) will be recruited to allow for 20%

drop-out.

-28d  -25d Pre 0Oh Post +4h +24h +48h +72h +168h

!" 30% or
U 80% IRM
~ VY 3SETS

Diet & Activity [ ]
record

DXA 1

Muscle function & & L ] L ]
(peak torque,

countermovement jump

height, 30-m sprint)

Muscle damage A A A A A A A

(bloods, limb circ.
ROM, PPT, muscle
soreness)

Figure 6.1. Study design.
DXA = dual-energy X-ray absorptiometry; 1RM = one repetition maximum; limb circ. = limb

circumference; ROM = range of movement; PPT = pressure-pain threshold.

6.3.3. Inclusion Criteria
The study will include male and female adults who:

Are aged 18-35 years old

Are a healthy weight (BMI >18.5 and <25 kg/m?)

Have no recent (previous 6 months) experience in resistance exercise
Are able to perform leg-based resistance exercise

Are free from musculoskeletal injury (past 6 months)

o ok~ w N PF

Are eumenorrheic (females only; regular MC over the past 12 months)
6.3.4. Exclusion Criteria

The study will not include participants who:
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1. Habitually perform resistance exercise or eccentrically-biased exercise (e.g. downhill
running)

2. Habitually (i.e. twice per week for previous 1-month period) consume ergogenic aids

(e.g. creatine monohydrate), protein-based supplements, non-steroidal anti-

inflammatory drugs, or nutritional supplements that may alleviate muscle damage

(e.g. antioxidants, polyphenols, omega-3 polyunsaturated fatty acids)

Frequently engage in massage, cryotherapy, or other physiotherapeutic aids

Have a chronic disease or acute illness

Are pregnant or breast-feeding

o g~ w

Are smokers
6.3.5. Ethical Approval

This study protocol has received approval by the Department of Sport and Exercise Sciences
Research Ethics Committee at Durham University (SPORT-2020-11-14T11 22 22-vlcz52;
May 2021) and the Tyne and Wear South NHS Research Ethics Committee (21/NE/0073; May
2021). Informed written consent will be obtained from participants prior to any experimental
procedures. This study has been registered at ClinicalTrials.gov (ID: NCT05111054).

6.3.6. Randomisation

Following an initial virtual screening questionnaire and baseline assessments, participants will
be randomised to an experimental condition (low-load or high-load resistance exercise). Folded
pieces of paper labelled either ‘LL’ (low-load) or ‘HL’ (high-load) will be placed into an
opaque envelope, and one will be drawn by the participant to determine their exercise
condition. To ensure an equal number of males and females in each group, separate envelopes
will be used, i.e. the ‘male’ envelope will contain 12 papers labelled ‘LL’ and 12 ‘HL’, as will
the ‘female’ envelope. Due to the nature of the trial (i.e. varied intensity resistance exercise) it

is not possible to blind the participant nor researcher to the experimental conditions.
6.3.7. Baseline Assessments and Familiarisation

After the initial virtual screening, female participants will be asked to record their MC and
inform the lead researcher at the onset of menses. This information will be used to estimate the
timing of the late follicular phase of the MC, during which all baseline and experimental

measures will be conducted.
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During the first laboratory visit (-28 d), participants will arrive in the morning in a post-prandial
state and complete a standard health and readiness to exercise questionnaire. Next, participants
will be demonstrated the correct use of the isokinetic dynamometer, with which the assessment
of leg peak torque will be completed, as previously described (Gentil et al., 2017). Briefly, the
peak torque of the knee extensors and flexors will be measured on the dominant and non-
dominant leg in the same order for all participants. Prior to testing, the dynamometer’s
calibration will be completed as per the manufacturer's instructions. The participant will be
seated with the dynamometer arm rotation axis aligned with the lateral condyle of the knee.
The thigh, pelvis, and trunk will be secured to the dynamometer chair using belts to limit
movement, and the positioning will be recorded and maintained for each assessment. For the
tests, two sets of four repetitions will be performed at 60 °/s with a 1-min inter-set rest period.
Participants will be instructed to fully extend/flex the knee joint at maximum intensity during
each repetition, and the highest value will be regarded as the peak torque. Next,
countermovement jump height will be assessed. Participants will be instructed to stand on a
force plate, squat down, and maximally jump vertically, with their hands remaining on their
hips. Participants will complete three countermovement jumps with a 1-min rest between each
attempt, and the maximal height will be used for analysis. Finally, the 30-m sprint assessment
will be conducted. Participants will be asked to stand 30 cm behind the timing gates, from
which the sprint will be initiated. Participants will perform a single, maximal effort 30-m sprint,

and the sprint time will be used for analysis.

Three days later (-25 d), participants will return to the laboratory in the morning following an
overnight fast and abstinence from vigorous exercise and alcohol during the prior 24 h. Firstly,
body mass and stature measurements will be obtained in light clothing. Female participants
will confirm the absence of pregnancy, then whole-body composition will be assessed using
DXA (GE Lunar iDXA, GE Healthcare, Madison, WI). Participants will be asked to consume
500 mL of water upon waking to ensure a euhydrated state and to wear minimal and metal-free
clothing (e.g. t-shirt and pair of shorts) during the scan, in accordance with the best practice
procedures for DXA measurement (Nana et al., 2015; Rodriguez-Sanchez & Galloway, 2015).
Total body mass, LBM, fat mass, and BF% will be measured. Following the assessment of
body composition, the peak torque assessment will be repeated to confirm the participants’

peak torque.

6.3.8. Activity and Dietary Control
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During the 3 wk rest period that will follow baseline measures, participants will be instructed
to record their habitual activity and dietary intake for 3 d. This information will be used to
examine any between-group differences. For each subsequent visit during the experimental
period (+0, +24, +48, +72, and +168 h), participants will be provided with a standardised
breakfast (125 g low-fat fruit yoghurt, 2 slices of wholemeal bread/toast with jam/honey, and
200 mL semi-skimmed milk; 443 kcal, 20 g protein, 73 g carbohydrate, 7 g fat) to consume at
home ~3 h prior to attending the laboratory. Otherwise, participants will consume their habitual
diet, and a 24 h dietary recall will be conducted during each visit to identify any within- and
between- group differences. Participants will be instructed to abstain from the use of non-
steroidal anti-inflammatory drugs, strenuous exercise, engagement in massage or cryotherapy,
and the consumption of alcohol, protein supplements, anti-oxidant vitamins, omega-3
polyunsaturated fatty acids, and ergogenic aids during the study period. All dietary intake data
will be analysed using Nutritics software (NutriticsLTD, Swords, Ireland).

6.3.9. Resistance Exercise Protocol

All resistance exercise sessions will be supervised. The described protocol will be performed
on the leg extension machine followed by the leg curl machine (Versa leg extension/leg curl,
Matrix, Wisconsin, USA), separated by 5 min rest. First, the correct form for use of the leg
extension and leg curl resistance exercise machines will be demonstrated to the participants.
Next, participants will perform a warm-up set consisting of 10 repetitions at 50% of their pre-
determined 1RM. After 2 min rest, participants will complete 3 sets at their allocated exercise
load (30% or 80% 1RM) each performed to volitional failure (defined as when a full repetition
cannot be completed). A rest period of 2 min will be awarded between sets. A lifting tempo
target of 1 and 2 s for concentric and eccentric phases of muscle contraction, respectively, will
be set. Strong verbal encouragement will be given to all participants during exercise to ensure

volitional failure is achieved.
6.3.10. Muscle Damage Markers

The following assessments of muscle damage will be conducted in the same order during each

visit (pre, post, 4, 24, 48, 72, 168 h post-exercise) for all participants.

Blood sampling. Blood samples will be collected from an antecubital vein of the forearm using
standard venepuncture techniques into three reagent-free vacutainers (3 x 10 mL). Samples
will be left at room temperature for 30 min before being stored on ice and will later be analysed

for serum concentrations of CK, IL-6, and oestrogen. Peak elevations in [CK] — an

200



intramuscular enzyme — are typically measured 2-5 d following EIMD and indicate an increase
in sarcolemma permeability. IL-6 is a pro-inflammatory cytokine and its elevated serum
concentration within proximity to exercise (0-6 h) suggests acute inflammation and marks the
secondary muscle damage response. Oestrogen may have a protective effect against EIMD,
although the evidence in humans is not substantial.

Limb circumference. An increase in limb circumference following exercise is indicative of
muscle swelling and may be used as a proxy measure of inflammation. Participants’ limb
circumference will be measured using a standard anthropometric measuring tape at the mid,
lower-, and upper- quartile points of the trochanterion-tibiale lateral site with the participant in

a standing position. The mean value of the 3 sites will be used for the analysis.

Range of motion. Participants’ ROM of the knee joint will be calculated as the difference
between the relaxed and flexed knee joint angle, as measured using a standard goniometer with

the participant in a supine position.

Muscle soreness. Participants will first rate their muscle soreness using a 10-point VRS ranging
from ‘not sore at all’ to ‘extremely sore’ while performing a simple bodyweight squat.
Secondly, muscle soreness will be assessed with the PPT test using a computerised pressure
algometer (Medoc, AlgoMed, Ramat Yishai, Israel) with the participant in a supine position.
The probe head (1 cm?) of the algometer will be placed at the mid, lower-, and upper- quartile
points of the trochanterion-tibiale lateral site and increasing pressure will be applied until the

participant indicated pain. The mean value of the 3 sites will be used for the analysis.

Peak torque, countermovement jump height, and 30-m sprint. These assessments of muscle

function will be conducted in the same order for each participant at 72 and 168 h post-exercise.
6.3.11. Serum Preparation and Analyses

Whole-blood samples will be centrifuged at 4 °C with 1100 g force for 15 min within 2 h of
collection. Serum samples will be transferred into 1.5 mL microcentrifuge tubes and stored at
-80 °C until subsequent analysis. The concentrations of CK, IL-6, IL-10, TNF-a, myoglobin,
C-reactive protein, skeletal troponin I, myosin heavy chain fragments, and oestrogen within

serum will be determined with commercially available assay kits.

6.3.12. Statistical Analyses
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Statistical analysis will be conducted using IBM SPSS (version 25, SPSS Inc., Chicago, IL).
All assumptions for statistical models will be assessed using the Shapiro-Wilk test, and data
that violate the assumptions will be log transformed prior to analysis. Independent t-tests with
Bonferroni corrections will be used to examine any between-group differences in baseline
variables. The Levene’s test will be used to check for equality of variances between groups. A
two-way mixed design analysis of variance will be used to analyse all muscle damage markers
and dietary intake data between exercise conditions (low-load male, low-load female, high-
load male, and high-load female) and within time points (-28 d, -25 d, pre, post, +4, +24, +48,
+72, and +168 h). Data sphericity will be assessed with the Mauchly’s test and any data that
violates the Greenhouse-Geisser assumptions will be corrected with Huynh-Feldt. Any
significant group x time interactions will be analysed post hoc using independent t-tests with
Bonferroni corrections for between-group comparisons at each time point. Within-group
differences across time will be analysed using paired t-tests. The within-group mean change
from baseline to each time-point will be reported for each muscle damage marker to allow for
future calculation of ESs and inclusion in meta-analyses. Stepwise multiple regression analyses
will be conducted with age, sex, exercise intensity, HC use, habitual activity, habitual daily
protein intake, and body composition outcomes as the independent variables to identify
predictors and confounders of each muscle damage marker. Statistical significance will be set
at P < 0.05. Confidence intervals assume 95% confidence in the range of the mean. All data

will be reported as mean + SD unless otherwise stated.
6.3.13. Data storage and Dissemination of Findings

To ensure data protection, digital participant information will be stored on a password protected
computer and data collection papers will be stored in a locked filing cabinet at the study site,
available only to the primary investigators. Participant anonymity will be maintained through
use of coded identification numbers, and all identifiable data will be destroyed following
analysis of the complete dataset. Anonymised data will be uploaded to the institution’s
repository to be available for secondary analysis. The study findings will be disseminated by

publications in peer-reviewed journals and conferences.
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6.4.0. Discussion

This paper presents the study protocol for a randomised parallel-groups trial examining the
impact of resistance exercise load on various indirect markers of muscle damage in untrained
male and female young adults. The study protocol held the aim of establishing whether the
acute muscle damage response to a single bout of resistance exercise was comparable between
first, low and high exercise loads, and second, males and females. Key aspects of the target
population, exercise protocol, muscle damage markers, and time-points of assessment have
been detailed. Equivocal findings regarding the impact of resistance exercise load on EIMD
have been produced by previous reports, which may partly be due to inter-study differences in
methodological design. Nonetheless, no study has yet considered the influence of sex. The
proposed study aims to provide a direct sex comparison of muscle damage responses to low-
load and high-load resistance exercise. It was hypothesised that the high-load resistance
exercise will induce more marked changes in muscle damage markers both in males and
females, though it cannot be ascertained at this time whether sex differences will be present.
The outcomes of this study may inform the development of sex-specific training

recommendations to maximise exercise adaptations while minimising muscle damage.

Advancing this work could further inform exercise training recommendations by expanding
the study outcomes and considering alternative target populations and exercise protocols. For
example, we have proposed that muscle swelling — an indicator of inflammation — be
conveniently assessed via limb circumference measurements. However, if available, more
advanced techniques for assessing muscle swelling e.g. ultrasound imaging would provide
additional information on muscle cross-sectional area, thickness, volume, pennation angle, and
fascicle length. Furthermore, we have suggested that leg-based resistance exercise be
performed to induce muscle damage, though alternatively, the impact of upper- or whole- body
resistance exercise with varied loads could be explored. Following EIMD, the present protocol
excludes the measurement of peak torque and other muscle function outcomes during the early
post-exercise recovery period. This was suggested to avoid further muscle damage being
induced by the muscle function tests and to better reflect real-life exercise practice, in which a
day or two of rest would ensue the initial exercise bout. However, it was appreciated that peak
torque is most impaired immediately following a damaging exercise bout, and thus, this time-

point may wish to be captured.
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Finally, the application of this research to wider populations could be achieved through its
replication in diverse study samples. Conducting this research in untrained male and female
young adults would be a pragmatic starting point, though comparing between male and female
older adults or between trained and untrained females is suggested as future direction. The
present research protocol may be used to guide the design of future studies aiming to bridge

the sex data gap and inform sex-specific exercise recommendations.
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CHAPTER 7 General Discussion

7.1.0. Thesis Outcomes

The aim of this research thesis was to improve understanding of the contributing factors and

management strategies for resistance EIMD, with an overarching aim of identifying and

bridging the sex data gap in EIMD research. The following questions were addressed to achieve

this aim:

1)

2)

3)

4)

What is the current evidence regarding the efficacy of dietary protein as a management
strategy for resistance exercise-induced muscle damage? (Chapter 3)

Does the consumption of milk protein impact resistance exercise-induced mild muscle
damage and does this response differ between untrained males and females? (Chapter
4)

Does the total and regional body composition of untrained males and females relate to
resistance exercise-induced muscle damage? (Chapter 4)

Is performing low-load resistance exercise an effective strategy for reducing exercise-

induced muscle damage? (Chapter 5)

A summary of the main outcomes of this thesis have been presented here and discussed within

each experimental chapter:

1)

2)

3)

4)

Peri-exercise protein supplementation appeared beneficial for managing some, but not
all, symptoms of resistance EIMD in young males. There is a paucity of data from
females and so outcomes may not be extrapolated between sexes.

Peri-exercise milk protein ingestion did not reduce muscle damage or accelerate
recovery following resistance exercise in untrained young adults, though females
experienced attenuated EIMD relative to males.

Total and regional body composition outcomes were negatively associated with post-
exercise CK responses in females, but not males.

Utilising lower resistance exercise loads was beneficial for attenuating EIMD and
accelerating exercise recovery in males, though the response in females is currently

unknown.
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7.1.1. Management Strategies for EIMD

EIMD poses a threat to exercising individuals at recreational through to elite levels.
Recreational exercisers especially could benefit from EIMD management strategies;
particularly those targeted toward reducing perceptual symptoms, notably muscle soreness,
owing to the negative impact that perceived soreness sensations may have on exercise
adherence. Maintaining exercise adherence in recreational exercisers is imperative for
achieving the health benefits and muscle adaptation associated with regular exercise. Whereas,
for competitive or elite athletes, such symptoms of muscle soreness, stiffness, and weakness
might not necessarily hinder exercise adherence because athletes may be more inclined to ‘push
through the pain’ compared with recreational exercisers, given that high volumes and
intensities of training are a prerequisite for their athletic success. Therefore, the original

elements of this thesis focused on EIMD in individuals untrained in resistance exercise.

The relevance of EIMD in the context of muscle adaptation to exercise is still debated. Some
have argued that post-exercise muscle damage and inflammatory responses are required for
muscle adaptation to exercise (Chazaud, 2016; Damas et al., 2018), while others argued the
contrary (Damas et al., 2016p; Eriksson et al., 2006; Foley et al., 1999; Lauritzen et al., 2009).
However, longitudinal changes in muscle mass and strength during resistance training —
especially progressive resistance training — while sporadically assessing acute muscle damage
have been examined in few studies (Lockwood et al., 2017; Roth et al., 1999; 2000.). The
outcomes of these studies implied that adaptation to exercise was not impeded by muscle
damage and that muscle damage was not necessary for adaptation to occur. Further studies of
this nature would help confirm the interplay between EIMD and adaptation. Until these are
completed, it is perhaps pragmatic to strategically manage EIMD such that damage is not so
severe that muscle adaptation to exercise is hindered, while ensuring the stress is sufficient to

trigger adaptation.

Exercise protocols designed to induce severe muscle damage, for example by incorporating
high volumes of eccentrically-biased contractions, have generally been utilised in previous
experimental models of EIMD. However, these exercise protocols lack ecological validity. By
means of using an exercise protocol that mimics habitual resistance training practices, this
thesis has demonstrated that a physiologically-relevant exercise stimulus induces mild muscle
damage, while maintaining maximal strength (chapter 4). Accordingly, exercising individuals

in a real-world setting will likely not experience the severity of muscle damage incurred in
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experimental models of EIMD. Similar exercise protocols have been implemented in
longitudinal training studies and have exhibited success for inducing muscle hypertrophy
(Aagaard et al., 1996; Fisher & Steele, 2017; Mitchell et al., 2012). The outcomes of chapter
4, together with previous studies (Roth et al., 1999; 2000,), suggested that mild muscle damage
does not hinder muscle adaptation to exercise, and severe muscle damage is not a prerequisite
for adaptation. Establishing management strategies for mild EIMD is logically the next

research avenue to explore.

To manage symptoms of EIMD, favourable strategies that include cryotherapy, vascular
occlusion, compression garments, and various nutritional strategies, have been identified by
prior research. This thesis demonstrated that, overall, peri-exercise protein supplementation
was beneficial for the symptom management of EIMD in young males (chapter 3).
Specifically, various protein supplementation protocols (different sources, doses, frequencies,
timings, and durations of intake) implemented around acute resistance exercise attenuated post-
exercise maximal strength decrements and blood [CK] elevations, but not perceived muscle
soreness. These outcomes agree with previous works that reported an advantage of
supplemental whey protein for restoring muscle function after resistance exercise (Davies et
al., 2018), but minimal benefit of protein or amino acid supplementation for attenuating post-
exercise muscle soreness (Pasiakos et al., 2014). In contrast to the outcomes of chapter 3,
Pasiakos et al. (2014) found minimal evidence for a benefit of protein or amino acid
supplementation for restoring muscle function or lessening the [CK] rise after resistance or
endurance exercise. This thesis has added to these works by utilising more stringent study
inclusion criteria, such that the outcomes relate specifically to muscle damage induced by
resistance exercise with protein feeding, which likely explains the differing outcomes of these

reviews.

The current review (chapter 3) examined the impact of various ingested protein sources, such
as whey, soy, pea, egg white, and milk, on EIMD. Current nutritional guidelines advocate a
food-first approach and to this end, it is of interest to examine whole-food sources of protein
in the context of EIMD. Whole-food sources of milk protein, including dairy milk, yoghurt,
and cheese, are of particular interest given they are an existing dietary staple, and their
consumption peri-exercise is encouraged to stimulate increased rates of MPS and, in the case
of fluid milk, muscle glycogen resynthesis to aid exercise recovery (Ferguson-Stegall et al.,
2011; Wilkinson et al., 2007). However, in disagreement with others (Cockburn et al., 2008;
2010; 2012; Draganidis et al., 2017; Hirose et al., 2013) it was demonstrated by this thesis that
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milk protein was not an effective strategy for EIMD management in males or females (chapter
4). In this RCT, dairy yoghurt was ingested in 4, evenly distributed, daily doses each providing
20 g of milk protein. This protein supplementation protocol was based on the premise that 20
g of milk protein (whey) maximally stimulated MPS rates following leg-only resistance
exercise (Moore et al., 2009; Witard et al., 2014) and this daily distribution pattern is
anabolically preferred over bolus (2 x 40 g) or pulse (8 x 10 g) protein feeding patterns in
young males (Areta et al., 2013). The regular consumption of whole-food milk products
providing ~20-g protein doses in combination with resistance training promotes favourable
changes in body composition, skeletal muscle hypertrophy, and strength gains over time
(Bridge et al., 2019; Hartman et al., 2007; Josse et al., 2009). However, regularly ingesting 20-
g doses of milk protein did not attenuate acute muscle damage or accelerate recovery following
leg-based resistance exercise relative to an isoenergetic non-dairy placebo product in the
current research (chapter 4). The protein dose provided was likely sufficient to stimulate post-
exercise MPS, considering that the exercise volume performed was lower than in Witard et al.
(2014) who identified that a 20-g protein dose was optimal for MPS stimulation after leg
exercise. Furthermore, it was demonstrated by Cockburn et al. (2012) that higher (34 g) and
lower (17 g) milk protein doses comparably impacted EIMD responses. Therefore, this finding
highlights the disconnect between EIMD with MPS and hypertrophy processes and supports
that recovery from EIMD is not enhanced by sufficient MPS stimulation (Pavis et al., 2021). It
follows that at the level of muscle, ingested protein-derived amino acids act differently upon
EIMD pathways compared with MPS pathways; however, it is unclear why the EIMD response

to protein ingestion is inconsistent.

Inconsistent responses to milk protein ingestion were highlighted by the meta-analysis
presented in chapter 3 that found significant ESs in favour of milk protein relative to control
supplementation for the change in MVVC (Cockburn et al., 2010; 2012; Draganidis et al., 2017;
Rankin et al., 2015), muscle soreness (Cockburn et al., 2008; 2012; Draganidis et al., 2017,
Hirose et al., 2013; Rankin et al., 2015) and [CK] (Cockburn et al., 2010; 2012; Rankin et al.,
2015) for at least one post-exercise time-point. Nonetheless, in several trials, the milk protein
supplement was comparable or inferior to the control for mitigating EIMD symptoms. It is
surprising that, in some cases, a single dose of milk protein attenuated EIMD (Cockburn et al.,
2010; 2012; Rankin et al., 2015), whereas a total of 17 doses had no positive impact relative to
the control (chapter 4). The lack of effect was unlikely due to the protein dose, as equivalent
(~20 g) and lower protein doses have effectively reduced EIMD (Cockburn et al., 2008; 2012;
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Draganidis et al., 2017; Rankin et al., 2015). The population studied was also an unlikely
contributor to these outcomes, considering that milk protein has previously shown to attenuate
EIMD in untrained males (Cooke et al., 2010; Hirose et al., 2013; Ives et al., 2017; Nieman et
al., 2020). Therefore, it is probable that the ecologically-valid exercise protocol utilised, and
consequent mild muscle damage, was primarily responsible for the absence of a treatment
effect (chapter 4) that is otherwise usually present (chapter 3). This difference indicated that
protein supplementation may only be beneficial for attenuating severe muscle damage or, that
in general, treatment effects are easier to identify when the magnitude of EIMD is greater.
Given the evidence for the efficacy of protein supplementation for EIMD management is

conflicting, other strategies were considered in this thesis.

Alternative strategies for mitigating EIMD have evolved from manipulating resistance exercise
variables, such as the contraction type, movement velocity, exercise volume, inter-set rest
period, and exercise load. This thesis has showcased a benefit of utilising lower resistance
exercise loads for attenuating muscle damage and accelerating post-exercise recovery in young
males (chapter 5). Resistance training with low exercise loads stimulated comparable muscle
hypertrophy and strength gains to training with high loads (Schoenfeld et al., 2017,). Taken
together, these findings have provided further substantiation that severe muscle damage is not
a precondition for muscle adaptation, given that low-load resistance exercise is less damaging
than high-load exercise, but induces comparable adaptation. Another reason for advocating
exercise with lower loads its perception of being less exerting (Arazi & Asadi, 2018;
Richardson et al., 2018) resulting in greater exercise compliance than when more exerting,
high-load exercise is performed. Therefore, a pragmatic recommendation is to incorporate low-
load resistance exercise into training programmes. This exercise prescription particularly might
appeal to individuals who are new to resistance training, elderly, or recovering from injury and
hesitant to utilise heavy loads. Although, these recommendations currently may apply

exclusively to males until supporting research is conducted with females.

As well as those easily-manipulated extrinsic factors, such as nutrition and exercise, various
intrinsic factors have been explored in the context of EIMD that include age, sex, hormonal
status, training status, and body composition. The influence of sex and body composition on
EIMD were focussed on in this thesis, and it was hypothesised that differences in body
composition between males and females may partly account for the sex divergencies in EIMD.
To this end, significant associations between body composition outcomes and exercise-induced

changes in [CK] in untrained females, but not males, were identified in the correlational
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analyses conducted in chapter 4. Greater post-exercise [CK] elevations in males and females
with higher compared with lower BF% have been reported by previous studies (Heled et al.,
2007; Kim & Lee, 2015; Margaritelis et al., 2019; Paschalis et al., 2010; 2013). Opposingly,
negative relationships in females between post-exercise [CK] increases and several total and
regional body composition outcomes, including BF%, were found in this thesis. While the
reasons for this discrepancy require further investigation, a potential cause relates to the female
participants here (chapter 4) being healthy weight, whereas in most earlier studies females were
overweight/obese. This suggests that the influence of adipose tissues on myofibre membrane
integrity depends on whether BF% is within a healthy range, with higher body fat offering an
advantage in non-obese females. Notwithstanding, this thesis has added to the current work as
the first study to relate DXA-derived total and regional body composition with EIMD, while
most prior studies utilised body composition assessment methods that do not allow for precise
regional analysis. Moreover, previous studies were conducted with either one sex or did not
test for sex differences. Since significant associations were present in females yet absent in
males, the importance of exploring sex differences in the relationship of body composition and
EIMD has been highlighted in this thesis.

7.1.2. Sex Differences in EIMD

An overarching theme of sex differences has been held by this thesis, and various physiological
differences between adult males and females, not limited to hormone milieu, body composition,
skeletal musculature, and acute and chronic responses to exercise, have been discussed. Based
on these central differences, it is not surprising that management strategies for EIMD may vary
between males and females. However, at present, there have been insufficient high-quality
studies conducted with females or both sexes to confirm the influence of sex on EIMD at a
rudimentary level. Studies involving females have produced conflicting outcomes, which is
likely because most studies — perhaps with the exception of those conducted in recent years —
are of poor methodological quality and lack consideration for female-specific study designs
e.g. with control for or merely reporting of MC phase, HC use, and menopausal status (Elliott-
Sale et al., 2021).

Studies examining sex differences in the response to EIMD management strategies are of even
lower number. Regarding the impact of resistance exercise load on EIMD, reviewing of the
current literature identified that 97% of research participants were male, with only one study

involving male and female older adults (chapter 5). To address this sex data gap, a study
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protocol for a randomised, parallel-group trial investigating the impact of exercise load on
muscle damage and recovery following resistance exercise in young, untrained males and
females was described in this thesis (chapter 6). Female-specific methodological controls, for
example by conducting measurements during a consistent MC phase, analysing serum
oestradiol concentration, and accounting for HC use, were considered in this protocol in
attempt to establish the influence of sex on EIMD. Likewise, regarding the impact of dietary
protein supplementation on resistance EIMD, research to date has been heavily male
dominated. Out of the 763 participants involved in the studies included in the systematic
review, 94% were young males and only one study involved both sexes (chapter 3).

Accordingly, the outcomes of an RCT conducted with young, untrained males and females to
examine sex differences in the EIMD response to milk protein ingestion were presented in this
thesis (chapter 4). As hypothesised, sex differences were apparent. Females experienced
attenuated muscle damage following acute resistance exercise relative to males; specifically,
peak post-exercise increases in [CK] and reductions in PPT were lower, and females had
accelerated recovery from muscle soreness. In this study, all measurements were conducted
during the estimated late-follicular phase of the MC when oestrogen concentration was rising,
but not peaked. Therefore, these study outcomes indicated that the oestrogenic environment in
females offered protection against EIMD, as previously shown (Romero-Parra et al., 2021,;
Tiidus, 2003), compared with males. This effect was perhaps mediated by an oestrogen-
induced stabilisation of myofibre membranes (Amelink & Bér, 1986; Amelink et al., 1990; Bar
et al., 1988) resulting in a lower [CK] response. Increased myofibre membrane permeability
during exercise also might explain the sex differences in PPT. Pain threshold may be lowered
due to the histamine-mediated sensitisation of nociceptors that can occur after myofibre
membranes are weakened and calcium homeostasis is lost. Thus, it is plausible that males
experienced a greater sensitisation of nociceptors and hence lower pain threshold relative to
females, although the role of nociceptors in exercise-induced muscle soreness is not yet
confirmed. It is unlikely that sex differences in EIMD were driven by sex differences in body
composition because, as identified in chapter 4, body composition outcomes were only related
to peak changes in [CK] and not to other markers of EIMD. Furthermore, possessing greater
body mass and LBM was favourable for limiting [CK] elevations in females but not males,
despite males having higher body mass and LBM. As such, it is most likely that other factors,
notably differences between males and females in oestrogen status, primarily drive sex
differences in EIMD.
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7.2.0. Directions for Future Research

This thesis has contributed to the existing knowledge on factors influencing EIMD and
potential management strategies, although several remaining knowledge gaps were identified.
Research priority in this field should be placed on addressing the sex data gap by conducting
high-quality studies in both sexes or replicating existing methods in females, with consideration
for female-specific study designs in accordance with recent guidance (Elliott-Sale et al., 2021).
Once the understanding of how sex impacts central EIMD responses is improved, this
knowledge should be used to inform appropriate study designs to investigate management
strategies for EIMD in both sexes. The study protocol outlined in chapter 6 may be conducted
as described or used as a foundation for developing studies to examine the impact of extrinsic
exercise variables on EIMD in males and females. Furthermore, there are several knowledge
gaps relating to the mechanisms of EIMD symptom development and management and optimal

markers for EIMD assessment.

The mechanisms of exercise-induced muscle soreness are not well understood, though the
outcomes of this thesis suggested that muscle soreness does not have a mechanical aetiology.
As found in Chapter 4, resistance exercise triggered increases in muscle soreness and
reductions in pain threshold in the absence of maximal strength decrements. Muscle force loss
is a consequence of mechanical damage (sarcomere overextension), and the fact that strength
was not impaired suggests that mechanical damage was either not significant or restored by the
first assessment (+72 h). Meanwhile muscle soreness persisted for 72 h post-exercise. This
finding implied that muscle soreness perhaps relates to the culminative consequences of
increased membrane permeability (i.e. efflux of intramuscular enzymes, local inflammation,
disrupted calcium homeostasis, sensitisation of nociceptors). This pathway seems logical
considering that [CK] also was significantly elevated, indicative of increased membrane
permeability. In this instance, assessing cytosolic [Ca?*] and local inflammation (e.g. by
ultrasound) and relating these outcomes to muscle soreness data would have been beneficial to
corroborate this theory. Alternatively, muscle soreness has been proposed to relate to altered
behaviour of muscle fascia connective tissue (Pefailillo et al., 2015; Wilke & Behringer, 2021).
Yet, this thesis cannot develop this notion because muscle fascia properties — for example
biomarkers of connective tissue/collagen breakdown — were not assessed. Thus, it cannot be

known whether muscle fascia behaviour played a role in soreness symptoms here. Additional
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studies are required to build a bigger picture of the factors influencing and strategies to reduce
the severity of muscle soreness, which may then allude to its aetiology. Factors to be first
explored are connective tissue properties, local inflammation (Philpott et al., 2018) (e.g. by
implementing strategies that reduce local inflammation and examining the concurrent impact
on muscle soreness), and extracellular matrix composition and functioning (Hyldahl et al.,
2015).

Considering several markers of EIMD are subjective and variable, the inclusion of objective
markers, such as biomarkers, to corroborate subjective responses is advantageous. However,
the use of biomarkers could be improved. Creatine kinase was identified by this thesis as the
most frequently assessed biomarker of EIMD (chapters 3 and 5) despite its notorious
variability (Chrismas et al., 2018; Damas et al., 2016.; Nosaka & Clarkson, 1996). Inter-
individual (chapter 4) and inter-study (chapter 3) variability in CK responses to exercise with
milk protein ingestion were also identified by this thesis. For instance, two similar studies
conducted by Cockburn and colleagues utilised the same protein supplementation protocol,
exercise protocol, and sample, yet ESs significantly favoured milk protein for [CK] in the
former (Cockburn et al., 2012) but not latter (Cockburn et al., 2013) study. Such findings
question the validity of [CK] as a marker EIMD. Irrespectively, serum [CK] was the chosen
biomarker of EIMD in the present RCT (chapter 4) so the outcomes could be compared with
other studies, which is likely a common justification. Ideally, future studies should assess
additional or alternative biomarkers of EIMD, such as myoglobin, fast-twitch skeletal troponin
isoforms, or myosin heavy chain fragments (Chen et al., 2020; Sorichter et al., 1997) and
gradually move away from CK as the biomarker of popularity. This could be achieved by
researchers assessing [CK] plus an additional marker, and once there are sufficient data on the

additional markers, researchers could stop measuring [CK].

Methodological inconsistencies across EIMD studies were recurringly identified in this thesis
and are problematic when attempting to compare between studies, explain contrasting findings,
and reach consensuses. For instance, among the studies systematically reviewed (chapter 3), 6
different assessment methods were used to measure active muscle soreness across 13 studies.
It would therefore be advantageous — particularly for systematic reviews, meta-analyses, and
consensus statements — if future studies adopted comparable methods such that, where feasible,
dependent variables, except for CK, were alike to previous studies. Specifically, by assessing
the same EIMD markers using the same measurement tools at the same time-points in relation

to exercise — at least for commonly assessed markers (e.g. MVC and muscle soreness) with any

213



additional markers being a bonus. Such uniformity would foster confidence in the effectiveness
of individual EIMD management strategies.

The efficacy of dietary protein as an EIMD management strategy was investigated in this thesis.
Nonetheless, the mechanisms by which dietary protein may act upon EIMD pathways are
unknown, and improving understanding of the potential mechanisms is challenged by the
inconsistent EIMD responses to ingested protein. Although peri-exercise protein consumption
is renowned for its stimulatory effect on MPS rates, an involvement of MPS in EIMD is
doubtful. The time course for damaged muscle proteins to be remodelled and regain
functionality does not align with the acute nature of EIMD and its recovery. However, EIMD
might relate to MPB. Rates of MPB are elevated following resistance exercise to increase the
availability of free amino acids (Biolo et al., 1995), and it is possible that membrane structural
proteins are among those broken down; thus, weakening membrane integrity. An increased
exogenous supply of amino acids reduces MPB rates (Tipton et al., 2018), and therefore, peri-
exercise protein ingestion may help preserve myofibre membrane integrity by limiting MPB.
However, investigating the connection between protein supplementation, MPB, and EIMD is
challenging because the direct assessment of MPB rates can only be completed at the level of
mixed muscle and not subcellular fractions (e.g. myofibrillar, sarcoplasmic). Furthermore, the
impact of the amino acid composition and quality of the ingested protein on EIMD is poorly
understood. Only two studies that compared EIMD responses to ingested plant versus animal
protein sources following resistance exercise were identified in Chapter 3. While these studies
did not report an effect of the quality of ingested protein on EIMD, further corroborative
studies, particularly with females, are needed. Likewise, there is limited, if any, research on the
influence of food matrices on EIMD, which could be addressed by examining the impact of

ingested protein from whole-food or mixed meal compared with isolated sources.

7.3.0. Thesis Limitations

This thesis held some limitations that should be considered when interpreting its outcomes and
practical applications. Regarding the RCT (chapter 4), uneven sample sizes between males and
females were obtained, which may have reduced statistical power and increased type | error
risk (Rusticus & Lovato, 2014). Furthermore, the required group sample size (n = 5) was not
achieved for Male-PRO and Male-CON (both n = 4); thus, 80% statistical power to detect

between-group differences was only reached when male subgroups or MILK-PRO and CON
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were pooled. Given a difference between MILK-PRO and CON was not detected, it seemed

acceptable to pool the supplement subgroups to test for overall sex differences.

Supplement allocation in the RCT was single-blinded to limit participant bias. Fifty-nine
percent of participants did not identify their treatment condition and so blinding can be
considered successful. To this end, this thesis advantages prior similar studies (Cockburn et al.,
2010; 2012; Rankin et al., 2015; Wojcik et al., 2001) that did not achieve participant nor
researcher blinding and were therefore subject to bias — for example, if the participant believed
the ingested protein should lower their muscle soreness. Therefore, the current outcomes
provided a more valid indication of how milk protein impacts subjective markers of EIMD.
Double-blinding was not feasible due to logistical constraints and because the yoghurt
supplements were included in the 24 h dietary recall analysis, so treatment condition had to be
known by the lead researcher who conducted these analyses. To counter researcher bias, equal
verbal encouragement during exercise was given and measures were conducted in the same

fashion for all participants.

There were several limitations pertaining to the methods used to assess EIMD — some of which
were unavoidable (e.g. due to resource and financial constraints) and others were realised in
hindsight after further research or practice. First, the resistance exercise machine used both to
assess maximal strength and induce muscle damage had a maximum load capacity of 106.3 kg.
Six participants reached this load, which may not have been their true 1RM, and subsequently,
the exercise load for the muscle damage protocol (80% 1RM) and any changes in maximal
strength could have been inaccurate. Moreover, load increments were limited to 2.3 kg so,
typically, the exercise load for the muscle damage protocol was rounded to the nearest
increment and not exactly equivalent to 80% 1RM. Ideally, were the facilities available, an
isokinetic dynamometer would have been used to assess maximal strength on a continuous load

range.

To accurately assess knee joint ROM, measurements should be conducted on a flat surface.
However, assessments were conducted on a phlebotomy bed, adjusted into a supine position,
meaning it was difficult to achieve a 180° angle or merely a consistent angle for each
measurement. Consequently, participants’ knee joint starting angle was inconsistent, which
likely impacted the ROM. In hindsight, the foot position of the bed should have been adjusted

such that knee joint starting angle was consistent for each participant and time-point.
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A 10-point VRS was used to assess subjective muscle soreness, because this scale is considered
reliable and valid (Alghadir et al., 2018) and has been implemented in previous EIMD studies
(Burnley et al., 2010; Nosaka et al., 2006). However, this scale is limited by being restricted to
set, whole numbers and participants would often seek an intermediate (i.e. by rating ‘a four or
a five”); thus, soreness ratings may be over or underestimated. Alternatively, had a 100 mm
VAS been used (an unmarked horizontal line with ‘0 — not sore at all” and ‘100 — extremely
sore’ at either end) this would have allowed for intermediate values. Further, VAS removes the
psychological element of knowing exactly what rating is being given and has been given
previously, as the participant places a mark along the line and its distance from zero is measured
by the researcher to determine the numerical value. With VRS, participants may remember
what score (0-10) they gave at a previous time-point, which may bias their soreness rating.
Furthermore, participants tended to verbally report feeling greater muscle soreness when
walking — particularly on a gradient or stairs — compared with when performing the single
bodyweight squat, and so, alternative or additional measurements of active soreness would
have been beneficial and perhaps more reflective of their true soreness. Although, this was not
known until the data collection process had begun. Muscle soreness was assessed for four
muscle groups to account for the fact soreness may vary between muscle groups, and the

muscle group experiencing peak soreness may differ between participants.

To mirror prior studies, serum samples were analysed for [CK] (chapter 4). However, owing
to the inter- and intra- individual variability of [CK], it would have been advantageous to
analyse other serum markers of muscle damage, such as myoglobin, skeletal troponins, or
myosin heavy chain fragments, to corroborate the CK response, as well as markers of
inflammation, such as IL-6, to corroborate muscle swelling data. Regarding the CK data
obtained, there was an unknown issue with two of the assay tests, such that absorbance values
were greatly beneath the expected range, which invalidated data from five participants. There
was an insufficient number of assay Kits to repeat all the affected samples, and so, the decision
was made to re-analyse three key time-points for each sample: pre, +48 and +72 h to capture

baseline and peak concentrations. As such, sample sizes were uneven across time-points.

Regarding the systematic review and meta-analysis (chapter 3), a potential limitation was that
the study inclusion criteria were restricted to studies that examined EIMD responses to protein
supplementation alone and did not include studies involving amino acid supplementation.
These inclusion criteria were specified as they were relevant to the wider aims of this thesis.

However, investigating both protein and amino acid supplementation may have provided useful
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sub-analyses and alluded as to whether the amino acid composition of proteins influences their
impact on EIMD. For instance, BCAA supplementation has shown to reduce post-exercise
[CK] elevations (Rahimi et al., 2017), and therefore, protein sources with a high BCAA content

may attenuate [CK] relative to protein sources with a low BCAA content.

7.4.0. Practical Applications

Two key practical applications have been produced by this thesis. Dietary protein should be
consumed peri-exercise to enhance several domains of post-exercise recovery, including
recovery from resistance EIMD, as identified in chapter 3. However, protein supplementation
is not beneficial for attenuating muscle soreness following resistance exercise, and so,
alternative strategies for managing soreness symptoms should be investigated. Furthermore,
the optimal type, timing, and dose of ingested protein for the management of EIMD remains
unknown; although, sub-analyses conducted in chapter 3 indicated that these factors were not
greatly important in the context of EIMD. Hence for now, it is pragmatic for exercising
individuals to follow the current protein recommendations for exercise recovery i.e. 20-40 g
of high-quality protein ingested peri-exercise. Notwithstanding, under conditions of mild
muscle damage, this protein feeding strategy is seemingly insufficient for promoting recovery
from resistance EIMD (chapter 4), and so, additional strategies for the management of mild

EIMD ought to be investigated and implemented.

Resistance training programmes for young males should incorporate low-load exercise, such
that exercise loads equivalent to <70% 1RM are often or exclusively used to reduce muscle
damage and accelerate muscle recovery. Progressive overload can be achieved while practicing
low-load resistance training by incrementally increasing the exercise load up to 70% 1RM, and
thereafter, the number of performed repetitions and sets can be increased. It is unlikely in
females that low-load resistance training would be detrimental in terms of EIMD, although
until sex-specific supporting research is completed (e.g. as per the chapter 6 protocol), practical

application of these thesis outcomes may apply exclusively to males.

7.5.0. Overall Conclusion

Overall, it was identified in this thesis that responses to EIMD mostly differed between males

and females, yet there is a distinct lack of sex-comparative and female-focussed research in
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this area. Recovery from mild muscle damage induced by habitual-type resistance exercise was
not enhanced by milk protein supplementation in untrained males and females, and thus,
protein supplementation may only be an effective management strategy for more severe EIMD.
Alternatively, EIMD in males can be attenuated by utilising lower exercise loads, although
supporting evidence in females is needed.
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APPENDICES

Appendix 1. General methodology

Primary Data
Study Design

A parallel group, single-blind, RCT was conducted to investigate sex-based responses to EIMD
with milk protein ingestion. Four independent groups were included: female protein (Female-
PRO), female control (Female-CON), male protein (Male-PRO), and male control (Male-
CON). A parallel group design was appropriate for this trial because the participants had no
previous experience in resistance exercise and so some degree of muscle damage should be
expected, irrespective of dietary condition. A crossover design is less appropriate, as exercise
training can attenuate EIMD (Balnave & Thompson, 1993) owing to repeated bout effects
(Hough, 1902) and perhaps confound the impact of protein supplementation. Further, a
crossover trial, while requiring fewer participants, would have extended the study duration, as
a second washout period of at least 2 weeks would have been needed between the dietary
conditions. This additional time for participants may have reduced their willingness to

volunteer.

Following study enrolment and baseline testing, participants were equally and randomly
assigned to their dietary condition (milk-protein or control) to limit researcher bias. Bias can
arise if group allocation is not randomised, as the researcher may intentionally or
subconsciously select individuals with certain attributes or desirable characteristics for a
chosen treatment group, which could result in an unrepresentative sample of the population
(Torgerson & Torgerson, 2003). Therefore, randomisation allows for balanced participant
characteristics between groups, thus reducing the influence of extraneous variables on the study
outcomes (Hariton & Locascio, 2018). To achieve randomisation, participants drew a folded
piece of paper labelled ‘A’ or ‘B’ from an opaque envelope. Separate envelopes were used for
male and female participants to ensure an equal balance of sexes across groups (4 males and 8

females in each group).

Participants were unaware of their treatment condition (blinded) to reduce participant bias. For
instance, bias may arise if the participant believed they were receiving a supplement that they
thought should reduce their symptoms of muscle soreness and consequently reported lower

muscle soreness ratings to fit this ‘expectation’ (Schulz et al., 2002). The trial was single-
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blinded, whereby only the participant was unaware of their treatment condition, as opposed to
double-blinded, whereby both the participant and researcher were unaware of the treatment
condition (Schulz & Grimes, 2002), due to logistical reasons. Specifically, the yoghurt had to
be frequently purchased, prepared, and delivered to the participant, often out-of-hours, by the
researcher and so it was not feasible for this to be done by someone outside of the research
team. Then, to avoid researcher bias, i.e. the intentional manipulation of data by, for example,
using different verbal or body language toward one group of participants than the other
(Torgerson & Torgerson, 2003), the researcher ensured that conditions were matched across
all participants. For example, by providing the same verbal encouragement during the muscle
damage exercise protocol and phrasing questions in the same manner. To achieve single-
blinding, participants were provided with their allocated yoghurt in clear, plastic pots labelled
‘A’ or ‘B’. The yoghurts were similar in appearance, taste, and texture, and the participants

were not informed of the two yoghurt types being investigated.
Study Sample and Sampling Strategy

A statistical power analysis was conducted using G*Power 3.1 to determine the study sample
size. The power calculation was based on a study by Cockburn et al. (2008), as this study also
employed a parallel group randomised design in which participants performed a single bout of
high-intensity leg flexion exercise and consumed milk protein or a carbohydrate-based
beverage post-exercise. This study reported a significant difference in the change in isokinetic
MVC from baseline to 48 h post-exercise between the milk protein (semi-skimmed milk, 17 ¢
protein per dose) and carbohydrate groups of 25%. The relative change in isokinetic MVVC was
the chosen outcome for the power calculation because the post-exercise change in MVC is
considered the most valid indirect marker of EIMD (Damas et al., 2016.). There are some
differences between the present study (chapter 6) and that of Cockburn et al. (2008), which
may impact the ability to detect significant differences within the sample population in
response to the intervention. Specifically, Cockburn et al. studied young, trained males, while
the present study recruited young, untrained males and females, and training status can impact
EIMD responses (Balnave & Thompson, 1993; Ertel et al., 2020; Vincent & Vincent, 1997).
Further, the exercise protocol used by Cockburn et al. involved a prescribed volume of
unilateral knee flexions, whereas the present study involved an undefined volume (repetitions
to failure) of bilateral leg flexions and extensions. Cockburn et al. supplemented participants
with two doses of fluid cow’s milk post-exercise, while the present study supplemented

participants with a total of 17 doses of milk protein sourced from dairy yoghurt. Finally, the
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tests of muscle function varied, with the present study measuring the change in 1RM (isotonic
contraction) and Cockburn et al. assessing the change in isokinetic MVVC. However, there was
not a more comparable study to the present that reported significant between-group differences
in EIMD markers and so the study by Cockburn et al. (2008) was the most appropriate to use
for the sample size calculation. The power calculation revealed that 5 participants per group
(20 total) were required to have 80% power to detect a significant difference between groups
when using a dependent t test with a 0.05 two-sided significance level. Therefore, 24

participants were recruited to allow for 20% drop-out rate.

Twenty-four healthy, adult volunteers (16 female, 8 male) were recruited to participate in this
trial via a convenience sampling strategy. Prospective participants were recruited from the
Durham University student and staff population via the ‘dialogue signposts’ email circulation
as well as word of mouth. Although an easy and time-efficient strategy, a disadvantage of
convenience sampling is a reduced likelihood of obtaining a representative sample of the
population compared to probability-type sampling methods, such as random sampling
(Landreneau & Creek, 2009). However, given the target population were young adults, the
obtained sample is likely fairly representative of this population. Participants were stratified by
sex because males and females can experience varied responses to EIMD (Kerksick et al.,
2008; Maclntyre et al., 2000; Minahan et al., 2015; Sewright et al., 2008; Stupka et al., 2000)
and it was an aim of the study to examine sex differences in EIMD and so equal sex
representation across supplement groups was necessary. Interested participants were provided
with the participant information (appendix 2) and privacy notice (appendix 3) documents, and
a link to a Microsoft Forms pre-screening eligibility criteria questionnaire (appendix 4). The

eligibility criteria for inclusion are outlined in Table AL.

285



Table Al. Participant eligibility criteria for inclusion in the randomised controlled trial.

Inclusion

Justification

7
0‘0
7
0‘0

Males or females
Aged 18-35 years

Non-obese (BMI >18.5 and <30
kgem)

Untrained in resistance exercise
(have not performed resistance
exercise in previous 6 months)

Free from chronic disease, acute
illness, and musculoskeletal injury

Able to consume dairy products
(not lactose intolerant or do not
follow a dairy-free diet)

Do not frequently (twice per week
for previous 1-month period)
engage in massage, cryotherapy, or
acupuncture, or consume
performance-enhancing
supplements, or non-steroidal anti-
inflammatory drugs

(Females only) Naturally
menstruating for previous 12
months (or absence of menstruation
due only to hormonal contraceptive
use)

(Females only) Not pregnant or
breast-feeding

To allow for sex comparison

Age-based response to EIMD; less likely to have co-
morbidities or take medications that may impact EIMD
compared to older adults; ease of sampling from university
population

BMI-based response to EIMD (Kim & So, 2018);
reflective of general health and reduced co-morbidity risk

Untrained individuals are more likely to experience EIMD
response; wanted to target and make outcomes applicable
to wider general population, not just athletes (aim is to
increase compliance to exercise in novices)

To not affect ability to exercise or EIMD response; for
outcomes to be applied to healthy populations

Study may involve the consumption of milk protein

May impact response to EIMD

Indicative of overall female health and hormone regularity;
sex steroid hormones may impact EIMD response
(Clarkson & Sayers, 1999)

Radiation risk with DXA

Ethical Considerations and Risk Assessment

This study received ethical approval from the Department of Sport and Exercise Sciences
Research Ethics Committee at Durham University and the Tyne and Wear South NHS Research
Ethics Committee. Written informed consent (appendix 5) was obtained prior to
commencement of any study procedures. A key ethical consideration was the maintenance of
participant privacy, confidentiality, and anonymity. To ensure this, participants were allocated

an identification number (01-25) at the point of study enrolment, which was used on all
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subsequent data collection materials. Data were stored on a password-protected personal laptop
and paper data collection sheets were locked within the Human Performance Laboratory,
accessible only to the research team. Any identifiable data were either anonymised or destroyed
upon study completion and all data included in this thesis and any published materials are
unidentifiable.

There were several risks to the participant associated with this research, which were addressed
through appropriate risk assessments and mitigation strategies. A key risk arose from the
collection of venous blood samples, which carried a risk of infection, discomfort, and minor
bruising. Blood collection was conducted by a trained phlebotomist under sterile conditions.
There was a risk of musculoskeletal injury during resistance exercise, and therefore a general
health and readiness to exercise questionnaire (appendix 6) was completed by participants via
Microsoft Forms prior to exercise. Participants were shown the correct lifting technique,
performed a warm-up, and were supervised at all times. The assessment of body composition
with DXA exposes the participant and researcher to a small dose of ionising radiation (effective
dose per scan ~2 pSv). This dose is considered safe and is the equivalent of a few days of natural
background radiation in the UK. The researcher wore a radiation detection badge to monitor

their total exposure during the study period.

In light of Covid-19, the university adhered to the latest government guidance to reduce the
spread of infection. The minimum required number of people were present during laboratory
testing (usually participant, researcher, and supervisor); a 2 m distance was maintained when
close-contact was not needed; a face covering was worn by both the researcher and participant,
except during exercise; all surfaces including the exercise equipment were cleaned before and
after use with the correct cleaning solution; frequent hand-washing was performed; and if either
a participant or the researcher developed Covid-19 symptoms or received a positive test result
they were instructed not to attend the laboratory and to self-isolate in line with government

guidance.
Study Procedures and Materials

All study procedures took place in the Human Performance Laboratory, Truscott Imaging
Suite, and The Fitness Centre located within the Graham Sports Centre at Maiden Castle,
Durham University. A schematic overview of the study procedures is presented in Figure Al.
The study measured the impact of resistance exercise with milk-protein or control supplement

ingestion (independent variable) on 6 dependent variables: maximal leg strength; limb
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circumference; ROM; serum [CK]; muscle soreness VRS; and muscle soreness PPT. These
variables (excluding maximal strength) were assessed immediately pre, immediately post, and
24, 48, 72, and 168 h post-exercise. Maximal leg strength was assessed with a 1RM test at
baseline (-28 and -25 d) and at +72 and +168 h. The baseline 1RM test also served to determine
the exercise load (80% of 1RM) for the muscle-damaging exercise protocol. The 1RM test was
not conducted during post-48 h to reflect habitual exercise practices, in which a couple of days
rest would succeed an exercise bout. Body composition was determined at -25 d for participant
descriptive characteristics and to examine its relationship to EIMD (chapter 7). A minimum 3-
week washout period was included after baseline testing to reduce repeated bout effects on
EIMD (Hough, 1902) and to control MC phase. For female participants, all variables were
assessed during the self-reported late-follicular phase of the MC to control for sex steroid
hormone status within and between participants. Females provided information on the expected
onset and duration of their menses and testing sessions were scheduled as close as feasible

following the last day of menses to predict the late-follicular phase.

The participants were provided with 17 doses of their allocated yoghurt over the study duration.
As instructed, these were consumed as 4 doses per day at ~3—4 h intervals for 4 consecutive
days, with the first dose being consumed alongside breakfast prior to the resistance exercise
protocol. The final dose was consumed with breakfast at +168 h. Participants were asked to
consume a standardised breakfast (2 slices of bread/toast with jam/honey etc., or a bowl of low-
sugar cereal/porridge with milk; 238 kcal, 8 g protein, 45 g carbohydrate, 3 g fat) on the
morning of testing at +0—72 and +168 h to ensure comparable energy and macronutrient intakes
between groups. Participants were asked to avoid consumption of supplemental protein sources
(e.g. shakes, bars, gels), though otherwise continued their habitual diet. Habitual diet and
activity were self-recorded for 3 days during the 3-week washout period using a template and
example for guidance (appendix 7). Dietary intake was assessed using the 24 h recall method
at +0-72 and +168 h to ensure no unexpected dietary changes had occurred during the study
period and to test for any differences between groups. The 24 h dietary recall method is time-
efficient, has low participant burden, and generally does not alter habitual intake given it is
completed retrospectively (Castell et al., 2015); however, this method has moderate validity
relative to the observed intake method (Karvetti & Knuts, 1985).
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Figure Al. Study design.

Note: DXA = dual-energy X-ray absorptiometry; 1RM = one repetition maximum; limb circ. = limb
circumference; ROM = range of motion. MILK-PRO = milk-protein supplement (milk-based yoghurt)
providing 20 g of protein; CON = control supplement (isoenergetic oat-based yoghurt).

Dietary Conditions
The milk-protein group consumed 208 g of Arla Skyr strawberry yoghurt (providing 20 g of

protein and 152 kcal). Yoghurt was chosen as the source of milk-protein, as opposed to an
isolated protein source such as whey, to promote a food-first approach (Burd et al., 2019; Close
et al., 2022). Protein obtained from whole-food sources provides other essential nutrients (e.g.
carbohydrates, fats, vitamins, and minerals) which are often low in isolated protein sources.
Also, milk-based yoghurt offers a complete amino acid profile and is a common, affordable,
and easily accessibly dietary staple. Current recommendations for dietary protein as an exercise
recovery strategy are to consume ~20 g of high-quality protein every ~3 h peri-exercise (Areta
et al., 2013; Moore et al., 2009). These recommendations are based on the ingestion frequency
and dosage of protein needed to maximally stimulate muscle protein synthesis rates for muscle
repair and growth. Therefore, it was pragmatic to assess whether this protein feeding protocol
is beneficial for EIMD.

The control group consumed 150 g of Oatly strawberry Oatgurt (providing 2.1 g of protein and

152 kcal). Oat-based yoghurt was chosen as the control product as it was low in protein while
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being similar in appearance, texture, and taste to the milk-protein yoghurt, which allowed for
participant blinding. A lesser quantity of the control yoghurt was used for it to be energy-
matched with the milk-protein yoghurt. This ensured that any between-group differences in the
study outcomes were due to the protein content and not the energy content of the yoghurts.
However, the control yoghurt was higher in carbohydrate and fat compared to the milk-protein

yoghurt.

Body Composition and Anthropometric Assessment

Body composition was assessed using DXA (GE Lunar iDXA, GE Healthcare, Madison, WI)
(Figure A2.a) with enCORE software to determine total-body lean mass, fat mass, BF%, and
BMC, as well as regional composition of the legs (i.e. the exercised muscle group). Prior to the
first scan of each day, a quality assessment was performed to ensure the DXA machine was
correctly calibrated.

Stature was measured to the nearest mm using a stadiometer and body mass was measured to
the nearest 100 g using digital weighing scales (Seca Weighting and Measuring Systems,
Birmingham, UK). Participants were positioned centrally and supine on the DXA scan bed
with hands in a mid-prone position and head in the frankfort plane. Scan mode (standard = 153
mmes?; thick = 88 mmes™?) was automatically determined based on estimation of the
participant’s body thickness (cm) from stature and body mass data (16-25 cm thickness =
standard mode; >25 cm thickness = thick mode). Two total-body scans were conducted in
succession, with repositioning, to enable calculation of precision error, which has not yet been
determined within a population of untrained males and females using this particular model and
manufacturer of DXA. The best practice procedures for DXA measurement (Hind et al., 2018;

2022; Nana et al., 2015) (appendix 8) were followed to minimise biological variation:

< Fast overnight or for at least 5 h before the scan

< Consume 500 mL of water 3 h before the scan

< Abstain from moderate-vigorous exercise in the 12 h before the scan

< Avoid caffeine consumption for 5 h before the scan

< Avoid alcohol consumption for 24 h before the scan

< Void bladder immediately before the scan

< During the scan, wear light weight, close-fitting clothing that is free from metal, underwire,

plastic, or reflective strips, e.g. shorts and t-shirt
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DXA was the chosen method as it is considered the gold-standard method for the assessment
of body composition and enables the analysis of regional body composition, which cannot be
accurately done using other methods of body composition assessment, e.g. skinfold thickness.
IDXA scans are fast (~6.5 min per standard scan), require minimal participant effort, and are
safe (~2 uSv effective dose per scan). The IDXA method has low precision error (0.4-0.5%,
0.7-1.0%, and 0.6-0.9% CV) for the assessment of lean mass, fat mass, and percent body fat,
respectively among male and female populations of varied training status (Hind et al., 2011;
Rezzi et al., 2009; Toombs et al., 2012).

Custom analysis was performed using the enCORE software to manually select the region of
interest. The segmental lines were placed at the lower and upper ends of the trochanterion-
tibiale lateral site as per Figure A2.b and A2.c to encompass the quadricep and hamstring
muscles (i.e. exercised muscles) and surrounding fat tissue. Manually selecting regions of

interest for lower extremities is highly reliable (r = 0.95-0.98) (Lohman et al., 2009).
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Figure A2.a. Lunar iDXA (GE Healthcare, Madison, WI) narrow fan beam machine used for body
composition analysis; b. and c. DXA scan output showing the region of interest for the analysis

of leg composition.
Muscle Damage Exercise Protocol

The resistance exercise protocol designed to induce muscle damage consisted of leg extension
and leg curl exercises performed on a dual plate-loaded machine (Versa leg extension/leg curl,
Matrix, Wisconsin, USA) (Figure A3). A warm-up set of 10 repetitions was performed with
leg extension exercise at 50% of the participants’ pre-determined 1RM. Next, 3 working sets
at 80% 1RM were performed to volitional failure (when a full repetition could not be performed

with correct form), with 2 min inter-set rest. The velocity of movement was 1 sec for the
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concentric phase and 2 sec for the eccentric phase. After 5 min rest, this protocol was repeated

with leg curl exercise.

Due to the participants being unfamiliar with resistance exercise, machine-based exercise was
chosen as this better enables correct form and reduces injury risk compared to free-weight
exercise. The plate-loaded machine also allowed for easy and time-efficient incremental (2.3
kg) load increases. A leg-based exercise protocol was performed to mimic a traditional split
routine (e.g. leg-day, back-day etc.). A whole-body exercise protocol would have required
1RM testing for multiple exercises, which would have been too time-consuming and fatiguing.
For untrained participants, arm-based exercise is less suitable, as maximal arm strength may
be rather low and therefore achieving a load of 80% 1RM would be difficult with the minimum
increments of 2.3 kg. Also, it is likely that a very low number of repetitions would be completed

and may not induce muscle damage.

Many experimental EIMD protocols involve eccentric-only muscle contractions, as these
induce the greatest damage (Armstrong et al., 1991; Ebbeling & Clarkson, 1989). However, it
was not the goal of this study to maximise damage, but rather use a realistic exercise protocol,
including both eccentric and concentric muscle actions. To further mimic real-life training, 3
high-intensity working sets were performed, as opposed to the extreme total work often
performed in experimental scenarios (e.g. 100-300 maximal repetitions (Buckley et al., 2010;
Burnley et al., 2010; Dale et al., 2015; Draganidis et al., 2017; Farup et al., 2014; Ives et al.,
2017; Woijcik et al., 2001)).

Figure A3. Dual plate-loaded leg extension/curl resistance exercise machine used to perform the

muscle damage exercise protocol and one repetition maximum test.
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EIMD Measures
Maximal Leg Strength

Maximal leg strength was assessed with a 1RM test conducted with leg extension and leg curl
exercises, as per the protocol previously described (Baechle & Earle, 2008). The post-exercise
change in muscle strength is deemed to best reflect the degree of EIMD and its return to pre-
exercise values is often used to mark muscle recovery (Damas et al., 2016.). Muscle strength
is typically measured as a maximal isometric or isokinetic voluntary contraction using
dynamometry. However, due to equipment availability, a 1RM test was conducted, which is
commonly used (Barroso et al., 2011; Draganidis et al., 2013; Naclerio et al., 2020) and is
highly correlated with isometric and isokinetic peak torque using dynamometry for leg
extension (r = 0.78 to 0.88) (Verdijk et al., 2009). The 1RM test has good to excellent test-
retest reliability (median ICC = 0.97; CV = 4.2%), independent of the sex, age, and training
experience of the population (Grgic et al., 2020).

Limb Circumference

The mid, lower-, and upper- quartile points of the trochanterion-tibiale lateral site were
measured using an anthropometric segmometer (Figure A4.a) with the participant seated on a
box and their knee joint at a 90° angle (Figure A4.b). These three sites were marked as shown
in Figure A4.c for future reference. Limb circumference of the dominant leg was then measured
using a standard anthropometric measuring tape (Figure A4.d) at the three marked sites with

the participant in a standing position.

A change in limb circumference suggests muscle swelling, due to increased extracellular fluid,
and indicates an inflammatory response. Ultrasound or magnetic resonance imaging can be
used to directly measure muscle cross-sectional area and thickness, though standard
anthropometric tape was more convenient and readily available. Three sites along the leg were

chosen as swelling may differ across regions of the limb depending on the local site of damage.
Range of Motion

The ROM of the knee joint of the dominant leg was calculated as the difference between the
relaxed and flexed knee joint angle, as measured using a standard goniometer (Figure A4.e)
with the participant in a supine position on the phlebotomy bed. Assessing joint ROM is used
to indicate flexibility, which may be reduced following EIMD, due to muscle swelling,

soreness, and stiffness.
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Muscle Soreness

Two methods were used to assess muscle soreness, as responses may differ upon active muscle
tension and muscle palpation. To assess active muscle soreness, participants rated their muscle
soreness using a VRS ranging from ‘0 — not sore at all’ to ‘10 — extremely sore’ (Burnley et
al., 2010; Nosaka et al., 2006) (appendix 9) while performing a standard bodyweight squat,
which has been done previously (Asadi et al., 2017; Bird et al., 2013; Twist & Eston, 2005).
Participants rated separately the soreness in their quadricep, hamstring, glute, and calf muscles
after the performance of a single squat (i.e. 4 squats in total). VRSs are a popular pain rating
scale for use in clinical trials due to their ease of use, high compliance rates, responsiveness,
and good application (Hjermstad et al., 2011). VRSs have demonstrated high test-retest
reliability (intraclass correlation coefficient (ICC) [95% CI] = 0.95 [0.93-0.96]) for the
assessment of subjective pain and have been validated against both VASs (Pearson’s
correlation coefficient, r = 0.941) and verbal rating scales (r = 0.925). VRSs have a minimum
detectable change value of 1.33 (Alghadir et al., 2018).

Muscle soreness also was assessed with the PPT test using a computerised pressure algometer
(Medoc, AlgoMed, Ramat Yishai, Israel) (Figure A4.f) with the participant in a supine position
on the phlebotomy bed (Figure A4.g). The 1 cm? probe head of the algometer was placed at the
mid, lower-, and upper- quartile points of the trochanterion-tibiale lateral site and increasing
pressure was applied until the participant indicated pain. The PPT test has high test-retest
reliability (ICC = 0.96-0.98) for the assessment of leg muscle pain among a comparable
population to that used in the current study (Waller et al., 2015) and the use of pressure
algometry has been validated against force plate readings (r = 0.990-0.999) (Kinser et al.,
2009).

Serum Creatine Kinase Concentration

Blood samples were collected from an antecubital vein of the forearm using standard
venepuncture techniques with a 21 g vacutainer safety needle and holder into three 10 mL
reagent-free vacutainers (Figure A4.h). Samples were left at room temperature for 30 min
before being either immediately centrifuged at 4 °C with 1100 g force for 15 min or stored on
ice for up to 2 h before centrifuging. Serum samples were transferred into 1.5 mL

microcentrifuge tubes and stored at -80 °C until analysis of creatine kinase concentration.

Creatine kinase is an intramuscular enzyme protein and its concentration within systemic

circulation indicates myofibre membrane permeability, which may be altered following EIMD.
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Venous sampling enabled the collection of sufficient blood volumes for later analysis; 3 x10
mL vacutainers of whole-blood were collected to allow for 4 x 1.5 mL microcentrifuge tubes

to be filled with serum. This amount accounted for any spillages, lost samples, incompletely

filled vacutainers, spare serum samples for future analysis, and the analysis of [CK].

Figures Ad.a—h. Materials used for the assessment of exercise-induced muscle damage: a. segmometer, b.
seating positioning during measurement of the trochanterion-tibiale lateral site, c. marked points at the
mid, lower-, and upper- quartiles of the trochanterion-tibiale lateral site, d. anthropometric tape, e.
goniometer, f. pressure algometer, g. phlebotomy bed, h. 10 mL reagent-free vacutainer (left) and 21 g

vacutainer safety needle and holder (right).
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Sample and Statistical Analyses

Serum samples were defrosted thoroughly, then [CK] was measured in triplicate to increase
reliability of the measure and to allow for any outlying values or errors (e.g. addition of an
incorrect reagent). A commercially available enzyme-linked immunosorbent assay (ELISA)
kit (Abcam plc, Cambridge, UK) was used, which provided the required reagents and a 96-
well plate to which the serum samples were added. Serum samples were diluted by a factor of
200 to ensure [CK] could be detected against the standard curve. The sample optical density
was measured using a microplate reader set at a wavelength of 450 nm and these values were
plotted against the standard curve to determine [CK] (pgemL™). Abcam report the inter- and
intra- assay precision of this ELISA test to be 2.3% and 3.6%, respectively. Out of the five
completed tests, two tests (analysing 27 samples each) produced abnormally low [CK] and
were deemed void — the reason for this error is unknown. Due to a limited number of assay Kits
because of financial constraints, not all of these samples could be re-analysed and so the
decision was made to re-analyse the samples collected at pre, +48 and +72 h in attempt to
capture baseline and peak [CK]. For valid samples, the mean of the triplicate measures

excluding outliers were included for statistical analyses.

Statistical analyses were conducted using IBM SPSS (version 25, SPSS Inc., Chicago, IL).
Assumptions for statistical models were assessed using the Shapiro—Wilk test and the Levene’s
test was used to check for equality of variances between groups. Data that violated the
assumptions were analysed with the equivalent non-parametric test. Independent t-tests
/Mann-Whitney U tests were used to examine between-group differences in baseline data.
Mixed analysis of variance/Kruskal Wallis and Friedman’s tests were used to analyse EIMD
markers and dietary intake data between groups and within time points. Data sphericity was
assessed with the Mauchly’s test and any data that violated the Greenhouse—Geisser
assumptions were corrected with Huynh—Feldt. Any significant group x time interactions were
analysed using independent t-tests for between-group comparisons at each time point and
within-group differences across time were analysed using paired t-tests. Bonferroni corrections
were used to correct for multiple comparisons. To examine sex differences, Hedges’ g ESS
with confidence intervals were calculated using the standardised mean difference between
males and females in the change from baseline to each post-exercise time-point for EIMD

markers.
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To assess the relationship of EIMD and body composition, total and regional body composition
outcomes were independently related to the pre-peak post-exercise change in each marker of
muscle damage using Spearman’s Rho correlation coefficient. Interpretation of the correlation
coefficient was as follows: 0.00-0.19 = very low association; 0.20-0.39 = low association;
0.40-0.69 = modest association; 0.70-0.89 = high association; 0.90-1.00 = very high
association. Statistical significance was set at P < 0.05 and confidence intervals assume 95%
confidence in the range of the mean. All data are reported as mean + standard deviation (SD)
unless otherwise stated.

Secondary Data

Secondary data were obtained through systematic reviewing and scoping of the relevant
literature to determine the impact of dietary protein supplementation (chapter 5) and exercise
load (chapter 8) on resistance EIMD. Systematic reviews are beneficial in sport science for
developing practical guidelines, informing future research, and aiding practitioners,
industrialists, and non-sport science academics in understanding the general consensus of a
specific topic. Scoping reviews, while not as rigorous as systematic reviews, are beneficial for
examining a wide body of body of literature, identifying knowledge gaps, and highlighting new
directions of research (Munn et al., 2018). To avoid repetition, methodological detail and

justification are provided here for chapter 5 only, though mostly apply to chapter 8 also.
Systematic and Scoping Review Overview

A systematic review with meta-analysis was conducted to examine the impact of dietary protein
supplementation on resistance EIMD. The analysis was confined to studies published in
English-language journals that met the criteria outlined in Table A2. The systematic literature
search was conducted in line with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines, comprising of a 27-item checklist and a 4-phase flow
diagram (Moher et al., 2009) (appendix 10). Following these guidelines allowed for
transparency in reporting of the systematic review and ensured all relevant information was
included. The objectives and methods of the systematic review were pre-specified to limit bias,
such as selective outcome reporting (Liberati et al., 2009). Screening and decisions on inclusion
of the relevant titles, abstracts, and full text of articles were conducted by two independent
reviewers (AP and LM) to reduce the possibility of rejecting relevant papers (Edwards et al.,
2002). The reference lists of relevant articles were also screened, in case any eligible articles

were not listed in the databases searched.
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Studies were coded for variables including participant demographics; resistance exercise
protocol; protein and control supplementation protocol; muscle damage assessment methods;
and time points of measurements in relation to exercise, because these factors may influence
EIMD or the response to protein supplementation and allow sub-group analysis. For example,
a certain type of protein may only be beneficial for EIMD following a specific form of exercise,
which would implicate practical recommendations. The quality/risk of bias of each study was
assessed by two independent investigators (AP and LM) based on the 11-point Physiotherapy
Evidence Database (PEDro) scale (appendix 11), which is considered a reliable and valid
measure of the methodological quality of randomised controlled trials (Elkins et al., 2010;
Mabher et al., 2003). Low quality studies, i.e. those with high risk of bias, can exaggerate the
treatment effect, thus reducing the likelihood that the overall ES produced from the meta-

analysis reflects the true effect (Pildal et al., 2007).
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Table A2. Eligibility criteria for studies included in the systematic review (chapter 5).

Inclusion criteria

Justification

» Experimental trial involving acute resistance
exercise

)

% Measures >1 indirect marker of EIMD

+« EIMD is measured for >24 h following the
initial exercise bout

¢+ Involves peri-exercise protein
supplementation

+ Includes a non-protein dietary control group
(including carbohydrate-based supplements)

+» Involves healthy, adult participants with no
known clinical condition or musculoskeletal
injury

EIMD is attenuated with repeated/chronic
exercise (Balnave & Thompson, 1993) and
cannot be grouped with acute exercise. Previous
reviews have examined endurance and other
exercise types.

Indirect markers (e.g. muscle function, soreness,
blood biomarkers) are more commonly assessed
than direct markers (e.g. MRI, ultrasound,
muscle biopsy sampling) and will be assessed in
the present work (chapters 6 and 7).

Some symptoms of EIMD, including muscle
soreness and increased CK activity, typically do
not present until >24 h after exercise.

Should not matter whether protein is consumed
pre, during, or post exercise and therefore studies
can be combined.

A control group is required to isolate the impact
of the protein supplement on EIMD and to limit
bias. Carbohydrate-based supplements can be
isoenergetic to the protein supplement, thus
removing the influence of energy content.

Musculoskeletal injury may limit capacity to
exercise and clinical conditions and their
associated medications may impact the EIMD
markers. The outcomes of this review are to be
applied to adults, not children.

Exclusion criteria

Justification

«» Studies conducted in animals or in vitro

Y/

+» Involve supplements containing therapeutic,
pharmaceutical, or ergogenic aids (e.g.
polyphenols, antioxidants, omega-3
polyunsaturated fatty acids, non-steroidal
anti-inflammatory drugs)

«» Involve physiotherapeutic methods (e.g.
cryotherapy, massage, acupuncture,
compression garments)

Outcomes are to be applied to humans and EIMD
responses have shown to differ between animals
and humans.

These substances can impact EIMD and therefore
confound the effect of protein supplementation.

These methods can impact EIMD and therefore
confound the effect of protein supplementation.
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Meta-Analysis Overview

The meta-analysis was conducted by a single reviewer (AP). Each comparator group (protein
vs control) within each study was treated as an independent trial, because some studies included
multiple protein interventions, e.g. different protein types, doses, or timings. Separate meta-
analyses were conducted at each post-exercise time-point (<24, 24, 48, 72, and 96 h) to assess
whether the EIMD response to protein supplementation differed during stages of exercise
recovery. Meta-analyses were conducted on 4 variables (isometric MVC, isokinetic MVC,
serum/plasma creatine kinase concentration, and muscle soreness rating) because these were
the most frequently measured EIMD markers among the studies included and this advanced a
previous meta-analysis, which examined the impact of protein supplementation on muscle

function alone following EIMD (Davies et al., 2018).

For each trial, a Hedges’ g ES with correction for small positive bias was calculated because
the within-study group sample sizes were sometimes dissimilar (Borenstein et al., 2021). ESs
were calculated using mean and SD values as a percent change from baseline because EIMD
markers can be highly variable among individuals, owing to factors including training status,
sex, age, body mass and composition (Balnave & Thompson, 1993; Dannecker et al., 2012;
Kim & So, 2018; Margaritelis et al., 2019; Roth et al., 2000a) and so using relative change data
is preferred over absolute data. However, for muscle soreness, there were insufficient data to
use percent change from baseline values, as baseline muscle soreness was typically not
measured or reported as zero; thus, ESs were calculated using the absolute mean + SD at each
time point. Weighted ESs were calculated using the standard error of the effect and adjusted
with Tau squared (7?).

Trial heterogeneity was assessed using Cochran’s Q (Q) and 12 (Higgins et al., 2003), as the
level of heterogeneity may explain differences in outcomes between trials. Due to the
moderate-substantial heterogeneity detected, a random-effect model was used to calculate the
pooled ESs (Borenstein et al., 2021). The statistical significance of the pooled ES was
determined by zero overlap of the 95% confidence interval range as per Cohen (1992). To
identify potentially influential trials that may skew the overall treatment effect, a sensitivity
analysis was conducted by performing meta-analyses with removal of each trial one at a time,
which has been done previously (Schoenfeld et al., 2017,). Trials were considered influential
if their removal resulted in the pooled ES changing from significant to non-significant, or vice

versa. Pooled ESs are reported with (displayed in forest plots) and without (in the manuscript)
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inclusion of influential trials, so the reader can see the degree to which ES were altered by

influential trials.

Due to high variability in the responsiveness to EIMD, the magnitude of EIMD was determined
for each trial included in the meta-analyses based on the relative peak reduction from baseline
in MVC as per Paulsen et al. (2012): mild = <20%, moderate = 20-50%, and severe = >50%
reduction. These data were used to identify any trends in the response to protein

supplementation based on the magnitude of EIMD.
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Appendix 2. Participant information sheet

Participant Information Sheet

You are invited to take part in a research project. Before you decide if you would like to take part,
please read this information sheet carefully. You can also ask the lead researcher, Alice Pearson, if you

have any questions (please see contact details at the end of this sheet).

Title of Project: The impact of milk protein ingestion during recovery from muscle damaging resistance

exercise
What is the purpose of the research?

The purpose of the study is to investigate the impact of ingesting milk protein on muscle damage

following a single bout of high-intensity resistance exercise
Why have | been invited to take part?

You have been invited to take part in this study because you are a female between the ages of 18 and
35.
You may be able to take part in the study if you:
> Are a healthy weight (BMI >18.5 and <25 kg/m?)
Have no previous experience in resistance training
Are able to perform leg-based resistance exercise
Are free from musculoskeletal injury (past 6 months)

Are not taking any performance-enhancing or protein-based supplements

Y V VY V

Are free from habitual use of non-steroidal anti-inflammatory drugs (NSAIDS) i.e. twice per
week for previous 1-month period

Do not frequently engage in massage or cryotherapy

Do not have a chronic disease or acute illness

Eumenorrheic female (regular menstrual cycle over the past 12 months)

YV V V VY

Are not pregnant or breast-feeding
Do | have to take part?

Participation is voluntary — it is up to you to decide whether or not to take part. You should read this

information sheet and if you have any questions you should ask the lead researcher. You should not
agree to take part in this research until you have had all your questions answered satisfactorily. If you

agree to take part, you will be given this participant information sheet and asked to sign a consent
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form. You are still free to withdraw at any time and without giving a reason. A decision to withdraw

will not affect your rights.

If you decide to participate in this research, you will not be able to do the following for the duration

of the study:

Use non-steroidal anti-inflammatory drugs (e.g. ibuprofen)
Perform strenuous exercise (daily activity such as walking is permitted)

Engage in massage or cryotherapy

YV V VYV V

Consume protein supplements, vitamin or mineral supplements, or ergogenic aids (e.g.
creatine, pre-workout stimulants, steroidal drugs)

» Consume alcohol (for the 48 hours prior to each visit)
What will be involved if | decide to take part in the research?

All research for this study will take part in the Human Performance Laboratory in the Durham
University Sports and Wellbeing Park at Maiden Castle. You will be required to make 7 visits to the
laboratory, each of which will last 40-115 minutes. The majority of testing (5 visits) will be conducted
over a 1-week period with baseline assessments completed 3-weeks prior. You will be asked to provide
information about your menstrual cycle prior to baseline testing. A schematic overview of the study

can be found at the end of this section (Figure 1).

During the first visit, you will be familiarised with the exercise equipment and demonstrated the
correct lifting form. You will then complete a graded maximal strength test (known as “one rep max”
or “1RM”) on a leg press machine followed by a leg extension machine. During this test, the weight
lifted will gradually be increased until the maximum weight you can lift for one repetition is estimated.
In the second visit, your body composition will be measured using a dual energy X-ray absorptiometry
scanner in the Truscott Imaging Suite. You will be required to have fasted overnight and to wear a pair
of shorts and t-shirt during the scan. You will then repeat the 1RM test on the leg machines to confirm
your maximal strength. Before the next visit, which will occur 3-weeks later, you will be asked to record

your habitual diet and physical activity for 3 days.

On the morning of each of the remaining visits, you will be asked to consume a standardised breakfast
(toast or cereal with a protein or placebo product) before attending the laboratory. During the third
visit, a venous blood sample will be collected from your arm, which will later be analysed for markers
of muscle damage and inflammation. You will then have the circumference of your upper leg
measured and the range of motion of your leg measured to assess flexibility. You will be asked to rate

your muscle soreness; firstly, by the Pressure-Pain Threshold test, during which a small rod-like device
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is pushed against your quadricep muscle with increasing pressure until pain is indicated and secondly,
by a visual analogue scale. You will then perform a single bout of resistance exercise on the leg press
and leg extension machines, with each set performed until failure (i.e. when you can no longer lift the
weight). After the exercise, another blood sample will be taken and the assessments of limb
circumference, range of motion, and muscle soreness will be repeated. You will then consume another
protein or placebo snack before leaving the laboratory and be given a further two snacks to consume

at home. The dietary condition you are assigned to (protein or placebo) will be done at random.

During the fourth, fifth, sixth (consecutive days after visit 3), and seventh visit (one week after visit 3)
repeated blood samples will be collected, and we will again measure your limb circumference, leg
range of motion, and muscle soreness. You will not have to perform any exercise during visits four and
five. During visits six and seven, you will be asked to repeat the maximal strength test (1RM). Again,
you will be asked to consume the protein or placebo snack with breakfast, after testing, and twice

more in the day over the study period (4 snacks per day for 4 days).

-28d -25d Pre Oh Post +24 h +48 h +72 h +168 h
l l | | | | | l |
| | | | | | | | |
Diet & Activity (| b 80% 1RM
record "\ 3 SETS
Supplement =/
PP = = & &
x1 x3 x4 x4 x4 x1
DXA »
1RM + & + +
Bloods o ® (] () o (]
Limb circ. 0 0 0 0 0 0
ROM A A A A A A
Muscl t tot ottt
soreness

Figure 1. Schematic overview of study design.

Note: DXA = dual-energy X-ray absorptiometry; 1RM one repetition maximum; limb circ. = limb circumference;
ROM = range of movement. Protein supplement = milk-based product (yoghurt) providing 20 g of protein;
Placebo = isoenergetic carbohydrate-based product providing <1 g of protein.

What are the benefits and risks of taking part?
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There are a few risks that you need to be aware of in your consideration of participating in this

research. These are:

» The maximum strength test is performed to muscular failure, which may cause dizziness,
nausea, and muscle soreness. You will be shown the correct lifting technique and perform an
appropriate warm-up to reduce risk of injury and will be supervised at all times.

» The incision of the needle to draw blood can cause discomfort and may cause minor bruising
and tenderness. There is a small risk of infection through use of the needle, but this risk will
be minimised by the blood samples being collected by a trained phlebotomist using the
appropriate personal protective equipment.

» There is a small dose of radiation associated with DXA. The total amount of radiation for
participation in the complete study is <2 uSv. This is less than half a day of natural
background radiation (~3.6 uSv). The dose associated with participation in this study has
been formally assessed by a Medical Physics Expert and a Clinical Radiation Expert. We will
not perform a DXA scan on you if you are a female who is pregnant or if you suspect that

you may be pregnant.
There are several benefits to taking part in this research, which include:

» You will receive a body composition analysis, which will tell you your percentage body fat,
amount of muscle mass, and bone mass.

» You will receive a dietary analysis conducted by a registered sport nutritionist — this will tell
you how many calories you consume; how much fat, protein, and carbohydrates your diet
contains, and if you are meeting your micronutrient requirements.

» You will be informed of your maximal leg strength, which may be useful for personal progress
What steps are being taken for preventing the spread of Covid-19?

Prior to each laboratory visit, you will be asked to conduct a Covid-19 lateral flow test. This procedure

is completed by yourself and the results are available within 30 minutes. If you receive a positive
result, you will be instructed to leave the university premises and self-isolate in accordance with the
most recent government guidance. If, within 14 days prior to your appointment, you have experienced
any symptoms of Covid-19 or have been in close contact with anyone who has tested positive for
Covid-19, you must not attend. Instead, you should rearrange for a later date. We are maintaining a
list of all visitors to the research site in order to support the 'track and trace' system.

During your appointment, a 2-metre distance will be observed between the researcher and yourself

apart from when the physical tests are carried out. The laboratory is installed with a ventilation system
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that is monitored to ensure air quality is maintained. At all times, hand hygiene will be followed, and
hand sanitiser stations are in place throughout the building and equipment will be sanitised before
and after use. A face covering will be worn by the researcher and, unless except, a face covering should

be worn by yourself when in the University building.

How will confidentiality be assured?

> All data files will be stored on computers or laptops with passwords that are only known by
the research team and any hard copies will be stored in a locked filling cabinet which only the
researchers can access.

» Your name will not be used to label data files and samples collected. Instead, you will be given
a participant number, which will only be known by you and the research team. This way none
of the other participants or anyone outside of the research team will be able to identify which
test data belongs to you.

» The data presented in the written manuscript will not be identifiable to you

Please refer to the ‘Privacy Notice’ provided in your participant information pack for more

information.
What will happen to the results of the research?

The results from the research will be included in a PhD thesis, published in an academic journal, and

presented at academic conferences.
If you have any questions related to the project, please contact the lead researcher:
Alice Pearson

Email address: alice.g.pearson@durham.ac.uk

Supervisor: Dr Karen Hind
Address: 42 Old Elvet, DH1 3HN

Email address: karen.hind@durham.ac.uk

If you would like to take part and are happy with the answers to your questions, please complete

and sign the enclosed Informed Consent Form.
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Appendix 3. Privacy notice

Privacy Notice

This notice provides you with the privacy information that you need to know before you provide
personal data for the particular purpose(s) stated below. Additional information about the University’s
responsibilities for data protection and your rights in relation to personal data can be found in the
University’s generic privacy notice, available at

https://www.dur.ac.uk/research.innovation/governance/privacynotice/generic/.

Title of Project: The impact of milk protein ingestion during recovery from muscle damaging resistance

exercise
Type(s) of personal data collected and held by the Researcher and method of collection:

Personal data will be collected through self-reported questionnaires. These data will include your

name, age, sex, ethnicity, physical activity level, and general health i.e. current illness.

Lawful Basis:

» The University’s core purpose includes undertaking research in the public interest. Processing
of your data is carried out as part of this core purpose.
» Your data will be processed in accordance with the consent you give for the use of your data,

should you agree to participate in the project.
How personal data is stored:

» All data will be kept strictly confidential to the research team.

» All data files will be stored on computers or laptops with passwords that are only known by
the research team and any hard copies will be stored in a locked filling cabinet which only the
researchers can access.

» Your name will not be used to label data files and samples collected. Instead, you will be given
an anonymous participant number, which will only be known by you and the research team.
This way none of the other participants or anyone outside of the research team will be able
to identify which test data belongs to you.

» The data presented in the written manuscript will not be identifiable to you

How personal data is processed:
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Personal data is used for descriptive purposes and to analyse responses according to certain criteria.
Information will be entered into a database for analysis. After six months the data will be completely
anonymised and the original records, including any information which can identify you personally, will

be destroyed.
Withdrawal of data:

You can request withdrawal of your data up until it has been fully anonymised. Once your data is

anonymised, it will not be possible to identify you from any of the data we hold.
Who the Researcher shares personal data with:

Personal data will only be shared among the research team. Anonymised personal data will be
included in any publications of the research (with your permission, as stated on the consent form),

but these data will not be identifiable to you.

How long personal data is held for:

We will hold personal data for six months, after which it will be anonymised.
How to object to the processing of your personal data:

If you have any concerns regarding the processing of your personal data, or you wish to withdraw your

data from the project, contact the lead researcher, Alice Pearson, using the contact details below.
If you require further information, please contact:
Lead researcher: Alice Pearson

Email: alice.g.pearson@durham.ac.uk

Supervisor: Dr Karen Hind
Address: 42 Old Elvet, DH1 3HN

Email: karen.hind@durham.ac.uk
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Appendix 4. Pre-participation screening questionnaire

Pre-Participation Screening
Questionnaire

Just a few questions to check whether you're eligible to take part in the study titled "Sex
differences in resistance exercise-induced muscle damage: The impact of milk protein
ingestion’

* Required

* This form will record your name, please fill your name.

1. Can you confirm you are aged 18-35 years? *

O Yes
O No

2. Have you performed resistance exercise (weight lifting) in the previous
6 months? *

O Yes
O No

3. Do you habitually (3 times per week) perform aerobic exercise with a
large eccentric component, e.g., downhill running, box jumps? (If you
perform running on mostly flat surfaces, answer 'no') *

O Yes
O No

4. Do you have any current or recent (previous 6 months)
musculoskeletal injury? *

O Yes
O No

5. Are you able to perform leg-based resistance exercise? *

O Yes
O No
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6. Are you able to consume dairy products? (i.e., not lactose-intolerant
or vegan) *

O Yes
O No

7. Do you suffer from any chronic illness? *

O Yes
O No

8. To the best of your knowledge do you have any infectious diseases? *

O Yes
O No

9. In the past 2 weeks, have you had any symptoms of Covid-19 or been
in contact with anyone who has since tested positive for Covid-197 *

O Yes
O No

10. If you have not been fully vaccinated against Covid-19, would you be
willing to perform a Lateral Flow Test (LFT) prior to commencing the
study? *

O Yes
O No

11. (Females only) Have you had a regular menstrual period for the past
12 months?

O Yes
O No
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12.

13.

14.

15.

(Females only) Are you currently or suspect you may be pregnant or
breastfeeding?

O Yes
O No

Do you regularly consume (2 times per week) performance-enhancing
(e.g., creatine monohydrate, steroidal drugs), antioxidant (e.g., vitamin
C, Montmorency cherry juice), or anti-inflammatory (e.qg., ibuprofen)
substances? *

O Yes
O No

Do you regularly (2 times per week) engage in cryotherapy, massage,
or foam-rolling? *

O Yes
O No

Should you decide to participate in this study, would you be willing to
abstain from the following during the study period:

- Use non-steroidal anti-inflammatory drugs (e.g., ibuprofen) for
the 48 hours prior to each laboratory visit

- Strenuous exercise (daily activity such as walking is permitted)
- Massage, cryotherapy, or foam-rolling

- Consumption of protein supplements, vitamin or mineral
supplements (those with anti-oxidant or anti-inflammatory
properties), or ergogenic aids (e.g., creatine, pre-workout stimulants,
steroidal drugs)

- Consumption of alcohol (for the 48 hours prior to each visit) *

O Yes
O No
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Appendix 5. Consent form

Consent Form

Project title: The impact of milk protein ingestion during recovery from muscle damaging resistance

exercise

Researcher: Alice Pearson

Department: Sport and Exercise Sciences

Contact details: alice.g.pearson@durham.ac.uk
Supervisor name: Dr Karen Hind

Supervisor contact details: karen.hind@durham.ac.uk

This form is to confirm that you understand what the purposes of the project, what is involved and
that you are happy to take part. Please initial each box to indicate your agreement:

| confirm that | have read and understand the Information Sheet dated
[/ / 1andthe Privacy Notice for the above project.

| have had sufficient time to consider the information and ask any questions |
might have, and | am satisfied with the answers | have been given.

| understand who will have access to personal data provided, how the data will
be stored and what will happen to the data at the end of the project.

| agree to take partin the above project.

| understand that my participation is entirely voluntary and that | am free to
withdraw at any time without giving a reason.

| understand that anonymised (i.e. not identifiable) versions of my data may be
archived and shared with others for legitimate research purposes.

| am not currently participating in another research project

| have not participated in a research project involving dietary and/or exercise
intervention in the previous 6 months

To my knowledge, | am not currently pregnant nor breastfeeding

Participant’s Signature Date

(NAME IN BLOCK LETTERS)

Researcher’s Signature Date

(NAME IN BLOCK LETTERS)
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Appendix 6. Readiness to exercise questionnaire

Health & Readiness to Exercise
Questionnaire

As best as you can, please answer these questions about your general health to ensure you
are able to perform the resistance exercise involved in the study titled 'Sex differences in
resistance exercise-induced muscle damage: The impact of milk protein ingestion'. All
answers will be kept confidential and only accessible by the lead researcher. If you are unsure

about anything, please contact me: alice.g.pearson@durham.acuk

* Required

* This form will record your name, please fill your name.

1. Please provide your full name *

2. What is your biological sex? *

O Male
O Female

3. What is your date of birth? *

4. Please provide your email address *

5. Please provide a contact telephone number (the researcher may only
contact you during the study period for reminders about
appointments etc)

6. Has your doctor ever said you have a heart condition and/or should
only participate in medically supervised physical activity? *

O Yes
O No
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7. Do you often feel pain in your chest during mild physical activity? *

O Yes
O Mo

8. Do you suffer with palpitations? *

O Yes
O Mo

9. Do you often experience dizziness or fainting? *

O Yes
O' Mo

10. Have you ever been told that you have high blood pressure or are you
taking medication for blood pressure or any other heart condition? *

O Yes
O Mo

11. Do you experience shortness of breath during only mild exertion? *

O Yes
O Mo

12. Do you suffer from either asthma or Diabetes Mellitus? *

O Yes
O Mo

13. Do you have any liver, kidney or thyroid disorders? *

O Yes
O Mo
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14. Do you have epilepsy or suffer from seizures? *

O Yes
O No

15. Do you have any existing bone or joint problems that could be made
worse by physical activity? *

O Yes
O No

16. Are you currently taking any prescribed medication? If so, what? *

17. Have you recently undergone surgery or suffered a musculoskeletal
injury (previous 6 months)? If yes, please explain... *

18. Are you currently ill in any way? (e.g., common cold, sickness bug) If
yes, please explain... *

19. Are you aware of any other reason why you should not participate in
physical exercise without medical supervision? If so, please explain... *

20. Are you currently on a medically prescribed diet? If yes, please
explain... *

21. Do you have any food allergies? If yes, please explain... *

22. Do you have any specific dietary restrictions (e.g., gluten-free, vegan)?
If yes, please explain... *
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23. Do you currently take any dietary supplements? If yes, please explain...

24. (Females only) Are you currently pregnant or breastfeeding?

O Yes
O No
O Maybe

25. (Females only) Have you had a regular menstrual period for the past
12 months?

O Yes
O No

26. (Females only) If applicable, approximately when was the date of your
last menstrual period? (The date your period started)
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Appendix 7. Three-day diet and activity record template and example

3-Day Diet & Activity Diary

Breakfast

Lunch

Dinner

Snacks

Drinks

Day 1

Activities

Day 2
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Activities

Day 3

Activities
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Diet & Activity Diary Example

Guidance:

+ Try tofill out the diary after each meal, rather than at the end of the day so you don’t forget anything.

4+ Remember to include drinks, added sugars, and condiments

4+ State if the food item is a fat-free/low-fat/low-sugar version

4+ If the weight of a food item is known (i.e. from the packaging) please include this

4+ If the weight is not known, please estimate through ‘household measures’ (i.e. 1 tsp, a handful, a fistful, a large bowl)

4+ Be honest! I’'m not judging you!

Breakfast Lunch Dinner Snacks Drinks
Day 1 1 sachet of instant Chicken salad sandwich 3 pork sausages, fistful | 1 apple with 1 tbsp peanut | 2 cups of tea with milk

porridge with 200 mL on white bread with of mashed potato, 3 butter, & 1 tsp sugar,
semi-skimmed milk, 1 tsp | butter, heaped tbsp of peas, 2 chocolate digestive Water throughout day
honey, 1 banana, Packet of Walkers crisps, | gravy biscuits

Mug of coffee with semi- | Can of diet coke (330 mL)
skimmed milk & 1 tsp
sugar

household chores (cooking, cleaning), 2 hours sitting on sofa, 8 hours sleep.

Activities Cycled 10 mins to university, 4 hours sitting at desk, 20 mins walk at lunch, 3 hours sitting at desk, cycled 10 mins home, 1 hour
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Appendix 8. DXA guidance

Important Information
Pre-DXA scan Preparation Guidance

The following pre-scan preparation protocol ensures that your DXA scan results will be as accurate
as possible.

Please follow this guidance before attending your DXA scan appointment and if you have any
guestions, please contact: alice.g.pearson@durham.ac.uk.

e My appointment is before 11 am = Please fast overnight (last meal no later than 10 pm)
e My appointment is after 11 am = Please fast for 5 hours prior to your scan appointment
e Drink 500 mL of water 3 hours before your appointment (only small sips of water after this)

e No moderate-vigorous exercise in the 12 hours before your appointment

e No caffeine in the 5 hours before your appointment

e No alcohol in the 24 hours before your appointment

e Please wear/bring light weight, close-fitting clothing that does not contain metal, underwire,
plastic or reflective strips. Ideal clothing would be lightweight shorts and t-shirt.

You may bring a snack with you for after your scan.
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Appendix 9. Visual rating scale

Self-perceived Muscle Soreness

After having performed a standard bodyweight squat, how would you rate the muscle
soreness in your:

1) Quadriceps
0 1 2 3 4 5 6 7 8 9 10
| | | | | | | | | | |
| | | | | | | | | |
Not sore Quite Extremely
at all sore sore

2) Hamstrings

0 1 2 3 4 5 6 7 8 9 10
| | | | | | | | | | |
| | | | | | | | | | |
Not sore Quite Extremely
at all sore sore
3) Glutes
0 1 2 3 4 5 6 7 8 9 10
| l l l l | l l l l |
| | | | | | | | | | |
Not sore Quite Extremely
atall sore sore
4) Calves
0 1 2 3 4 5 6 7 8 9 10
| | | | | | | | | |
| | | | | | | | | | |
Not sore Quite Extremely
atall sore sore
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Appendix 10. PRISMA checklist

Section and

Topic

TITLE

Checklist item

Location where
item is
reported

Title 1 | Identify the report as a systematic review.

ABSTRACT

Abstract 2 | See the PRISMA 2020 for Abstracts checklist.

INTRODUCTION

Rationale 3 | Describe the rationale for the review in the context of existing knowledge.

Objectives Provide an explicit statement of the objective(s) or question(s) the review addresses.

METHODS

Eligibility criteria Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses.

Information Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify

sources studies. Specify the date when each source was last searched or consulted.

Search strategy 7 | Present the full search strategies for all databases, registers and websites, including any filters and limits used.

Selection process 8 | Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers
screened each record and each report retrieved, whether they worked independently, and if applicable, details of automation
tools used in the process.

Data collection 9 | Specify the methods used to collect data from reports, including how many reviewers collected data from each report,

process whether they worked independently, any processes for obtaining or confirming data from study investigators, and if
applicable, details of automation tools used in the process.

Data items 10a | List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome
domain in each study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which
results to collect.

10b | List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding
sources). Describe any assumptions made about any missing or unclear information.

Study risk of bias 11 | Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many

assessment reviewers assessed each study and whether they worked independently, and if applicable, details of automation tools used in
the process.

Effect measures 12 | Specify for each outcome the effect measure(s) (e.qg. risk ratio, mean difference) used in the synthesis or presentation of
results.

Synthesis 13a | Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention
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Location where

Section and

Topic Checklist item item is

reported
methods characteristics and comparing against the planned groups for each synthesis (item #5)).

13b | Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary
statistics, or data conversions.

13c | Describe any methods used to tabulate or visually display results of individual studies and syntheses.

13d | Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed,
describe the model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s)
used.

13e | Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-
regression).

13f | Describe any sensitivity analyses conducted to assess robustness of the synthesized results.

Reporting bias 14 | Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases).
assessment

Certainty 15 | Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome.

assessment

RESULTS

Study selection 16a | Describe the results of the search and selection process, from the number of records identified in the search to the number of

studies included in the review, ideally using a flow diagram.

16b | Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded.

Study 17 | Cite each included study and present its characteristics.

characteristics

Risk of bias in 18 | Present assessments of risk of bias for each included study.

studies

Results of 19 | For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect
individual studies estimate and its precision (e.g. confidence/credible interval), ideally using structured tables or plots.

Results of 20a | For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies.

syntheses 20b | Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and

its precision (e.g. confidence/credible interval) and measures of statistical heterogeneity. If comparing groups, describe the
direction of the effect.

20c | Present results of all investigations of possible causes of heterogeneity among study results.

20d | Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results.

Reporting biases 21 | Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed.
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Certainty of 22 | Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed.
evidence
DISCUSSION
Discussion 23a | Provide a general interpretation of the results in the context of other evidence.
23b | Discuss any limitations of the evidence included in the review.
23c | Discuss any limitations of the review processes used.
23d | Discuss implications of the results for practice, policy, and future research.

OTHER INFORMATION

Registration and 24a | Provide registration information for the review, including register name and registration number, or state that the review was
protocol not registered.

24b | Indicate where the review protocol can be accessed, or state that a protocol was not prepared.

24c | Describe and explain any amendments to information provided at registration or in the protocol.
Support 25 | Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review.
Competing 26 | Declare any competing interests of review authors.
interests
Availability of 27 | Report which of the following are publicly available and where they can be found: template data collection forms; data

data, code and
other materials

extracted from included studies; data used for all analyses; analytic code; any other materials used in the review.

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi:

10.1136/bmj.n71

For more information, visit: http://www.prisma-statement.org/
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Appendix 11. PEDro scale

PEDro scale

10.

11.

eligibility criteria were specified

subjects were randomly allocated to groups (in a crossover study, subjects
were randomly allocated an order in which treatments were received)

allocation was concealed

the groups were similar at baseline regarding the most important prognostic
indicators

there was blinding of all subjects
there was blinding of all therapists who administered the therapy
there was blinding of all assessors who measured at least one key outcome

measures of at least one key outcome were obtained from more than 85%
of the subjects initially allocated to groups

all subjects for whom outcome measures were available received the
treatment or control condition as allocated or, where this was not the case,
data for at least one key outcome was analysed by “intention to treat”

no

no

no O

no d
no
no

no O

no

no d

the results of between-group statistical comparisons are reported for at least one

key outcome

the study provides both point measures and measures of variability for at
least one key outcome

no

no

yes O

yes 1

yes O

yes 1
yes O
yes O

yes

yes O

yes 1

yes O

yes O

where:

where:

where:

where:

where:

where:

where:

where:

where:

where:

where:
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