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Abstract

High intensity exercise been shown to produce different acute exercise responses when
compared to moderate intensity. Manipulating the rate of muscle contraction to alter intensity
has received limited research. The primary purpose of this PhD was to investigate the potential
mechanism that produces the acute differences observed when comparing high and moderate
intensity exercise. Altering exercise intensity will be achieved through increased force and rate

of contraction, as well as increased contraction rate alone.

Methods

In study 1, twelve recreationally active male participants completed 3 trials in random order
consisting of 7x30second sprint cycles at 130%peak power output (PPO)(SIE), 60 minutes at
55% PPO (MICE), and a rest trial where no exercise was performed. In study 2 a separate
nineteen recreationally active male participants cycled for 1-hr at 55% PPO at either 65-rpm or
95-rpm. In study 3 a separate eighteen recreationally active males completed a replica study
similar to study 2 but with the addition of a 41 minute submaximal trial at 95rpm at 55% PPO.
Indirect calorimetry was used to measure a number of metabolic variables during exercise.

Muscle biopsies were performed as part of study 1 and 3.

Results

Study 1: Significantly lower glycogen (94424 vs 108+30 vs 125+£31 mmol/kg/wt p=<.001) and
increased insulin sensitivity (0.28+£0.05 vs 0.25+0.04 vs 0.22+0.04 GIR p=<0.05) were
observed 24 hours post SIE when compared to MICE. Study 2: Significantly greater
carbohydrate utilisation (2.48+0.2 vs 1.97+0.2g/min p=<.01) was observed when exercising at
95rpm vs 65rpm at 55%PPO. Study 3: Greater total glycogen use per contraction was observed

(-0.008+0.002 vs -0.006+0.002 mmol/kg/min p=<.05) at 95vs65rpm.
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Conclusions

There were no fibre specific differences in glycogen use between trials. Increased glycogen use
observed following SIE exercise is also observed following MICE at an increased contraction
rate. The increase in glycogen use was not shown to occur as a result of increased type 2 fibre

recruitment alone.
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1. Chapter I Introduction
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1.1. Introduction
The benefits of physical activity are well established, with regular exercise associated with a

decreased risk of chronic illnesses such as cardiovascular disease, type 2 diabetes, and certain
forms of cancer (Guthold et al., 2018). Physical activity can also play an important role in
preventing the progression of the overweight and obesity epidemic that has occurred over the
past 25 years (Mitchell ef al., 2011). A single bout of exercise has the potential to stimulate a
response that is considered metabolically beneficial, such as increased energy expenditure and
insulin sensitivity (Mann et al., 2014; Moniz et al., 2020), and with chronic exposure, can
reduce the risk of overweight and obesity related diseases (Ruegsegger and Booth, 2018).
Aerobic exercise is one of the most frequently prescribed therapies for the prevention and
treatment of metabolic conditions, to the extent that it has been suggested that exercise is
medicine (EIM) (Vina et al., 2012). The concept of exercise induced increases in health date
back to ancient times with Hippocrates (460-370 B.C) often quoted as haven said “eating alone
will not keep man well, he must also take exercise” (Berryman, 2010). As with all prescribed
therapies, understanding the impact of the dose response is essential in providing the optimal
benefits. Within the context of aerobic exercise, the dosage relates to the intensity and duration
of a given bout as both will influence the acute metabolic response of an individual (Garber et
al.,2011). This thesis will seek to further our understanding of the acute metabolic response to

exercise of different intensities as well as exercise of different muscle contraction rates.
1.2. Exercise Intensity

The intensity of an exercise bout will influence the metabolic response both during, and in the
hours after exercise (Hargreaves, 2000). The relative intensity of exercise can be defined based
on a known physiological maximal value. Commonly used variables include Heart rate max
(HRmax), maximal oxygen consumption (VO.max), peak power output (PPO) and work

performed at maximal exercise (Wmax), with a corresponding %max utilised to quantify the
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relative exercise intensity (Norton et al., 2010). Recently, a research focus on sprint interval
training (SIT), has suggested that this form of exercise can be as beneficial in increasing
VO,max (Gibala et al., 2006), if not superior (Wisloff et al., 2007), to traditional moderate
intensity continuous training (MICT), although significantly less time is spent in active exercise
(Norton et al., 2010). Less is understood about the acute response to sprint interval exercise
(SIE) compared to moderate intensity continuous exercise (MICE), with research comparing
the impact of each form of exercise on the acute (0-24 hours post) response not clearly defined.
Some studies have found increased energy expenditure in the 0-24 hours post SIE (Tucker et
al.,2016) while others have not (Malatesta et al., 2009). SIE has also been proposed to provide
comparative or superior benefits in relation to glucose metabolism, particularly in participants
with insulin resistance or type 2 diabetes (Liu et al., 2019), while less consistent findings have
been produced when research was conducted in healthy individuals (Jelleyman et al., 2015).
The variation in the literature relating to the acute response to SIE and MICE and their impact
on energy expenditure and glucose metabolism, provides a gap wherein further research is

required.

1.3. Contraction force and rate
The rate of muscle contraction is another important, but relatively less studied variable that can
influence the physiological response to a bout of exercise. Each muscle contraction can be
measured in relation to the total force being produced as well as the rate at which the force is
being generated per contraction. Research investigating the physiological response to
manipulating cadence has consistently shown an increase in oxygen consumption at higher
cadences during submaximal exercise (Coast et al., 1986; Gotshall et al., 1996; Zoladz et al.,
2000; Foss and Hallen, 2004; Bieuzen ef al., 2007; Brennan ef al., 2019). During incremental
exercise, this increase diminishes as the exercise progresses until no difference is observed at

maximal exercise (Coast et al., 1986; Zoladz et al., 2000). Additionally, research that
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investigated gross efficiency, (ratio of total mechanical work to energy expenditure) has
suggested that a J-shaped curve exists for the optimum cadence for a given submaximal %PPO,
with lower efficiency observed when cycling above or below the optimum cadence (Ettema,
2009). An interesting yet unexplained finding from such research is that the cadence selected
by trained cyclists (80-100-rpm) during submaximal cycling, is higher than the metabolically
optimal or most efficient rates (50-70-rpm) for power outputs that are sustained for prolonged
periods (Brisswalter et al., 2000; Foss and Hallen, 2004; Brennan et al., 2018). Such research
has typically recruited trained cyclists with the study aimed at increasing cycling performance
(Hansen and Sjogaard, 2007; Ansley and Cangley, 2009). As such, any findings from research
on trained cyclists are not directly transferable to untrained populations as these athletes exhibit
an optimised skeletal muscle recruitment pattern during cycling exercise as well as a
significantly higher freely chosen cadence (FCC) when compared to untrained cyclists (Zorgati
etal.,2015). However, a consistent finding in both trained and untrained cyclists has been that
adopting a high cadence will result in an increase in oxygen consumption at submaximal but
not maximal exercise (Gaesser and Brooks, 1975; Coast et al., 1986; Gotshall et al., 1996;
Zoladz et al., 2000; Hill and Vingren, 2012; Zorgati et al., 2015), as well as a reduction in

cycling efficiency and increase in energy expenditure

A number of potential contributing factors have been suggested to explain such consistent
findings, with an increase in type Il muscle fibre recruitment at higher cadences routinely
referenced (Hansen and Sjogaard, 2007; Ansley and Cangley, 2009; Ettema and Loras, 2009).
Humans have adapted to have a range of skeletal muscle fibre types that can be recruited based
on the force and speed of a contraction (Scott ez al., 2001). Research has shown that fibre type
distribution has a direct effect on an individual’s response to a given exercise intensity and will
alter their energy expenditure and substrate utilisation for any given workload (Barstow et al.,

1996). However due to the invasive nature and high cost of muscle biopsies, few research
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studies have taken fibre type into account when researching energy expenditure and substrate
utilisation during exercise of varying intensities achieved through manipulating cadence. A
potential explanation for the variation in efficiency and energy expenditure may relate to fibre
type recruitment patterns, however very few studies have investigated this in detail. Those that
have been conducted found no difference in fibre type recruitment at higher cadences (Gollnick
et al., 1974; Altenburg et al., 2007) or a greater recruitment of type II fibres at lower cadences
(Ahlquist et al., 1992). Although potential methodological issues have been suggested as

limiting the results from such studies.

1.4. Significance of this research
As further research is required relating to the acute impact of SIE, when compared to MICE,
on post exercise metabolism, namely energy expenditure and glucose metabolism, this thesis

will aim to provide further knowledge to this research topic.

Additionally, the role of contraction frequency on exercise intensity is relatively understudied
when compared to force alone, with research to date focused on trained or elite cyclists and
increasing their performance. A greater understanding of how contraction frequency affects
energy expenditure in recreationally active healthy individuals may provide a novel way to
exercise at a higher relative intensity without the need for additional external work. In the time
poor world we live in, this may provide a novel way of increasing exercise intensity and
reducing the time required to provide similar health benefits associated with longer duration
lower intensity exercise. It may also be beneficial for individuals with chronic disease or those
that cannot produce higher force to attain higher intensities of exercise, whereby they could

gain additional benefits by cycling at a higher rate.
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1.5. Thesis Aims, objectives and hypothesis

The purpose of this thesis was to investigate the role exercise intensity plays in determining
energy expenditure during exercise in young recreationally active healthy males. The
overarching aim is to investigate he role of exercise intensity and contraction frequency in
modulation of exercise response. In the first instance, comparing how SIE and MICE impact
the acute response relating to energy expenditure, substrate utilisation and insulin sensitivity
was investigated (Experiment I). Secondly, the impact of high versus low contraction rate has
on energy expenditure and substrate utilisation during exercise was investigated (Experiment
II). Lastly, how contraction frequency impacts muscle fibre type recruitment during exercise

was examined (Experiment III).

1.6. Experiment I: The effect of SIE and MICE on energy expenditure and glucose
metabolism during, post (0-60 mins) and 24-hours post exercise.

1.6.1. Overview

Twelve recreationally active males completed three randomised trials separated by at least
seven days. Each trial consisted of visiting the laboratory on two consecutive days. On the first
day, participants undertook either MICE (60mins @ 60% VO,peak), SIE (7x130% PPO) or no
exercise. The second day consisted of a resting metabolic rate test followed by two muscle
biopsies of the Vastus lateralis pre and post a euglycemic hyperinsulemic clamp. Continuous

glucose monitoring was performed throughout both days of each trial.

1.6.2. Aim

To compare the acute effects SIE and MICE have on energy expenditure, glucose metabolism

and insulin sensitivity in 12 recreationally active young males.

1.6.3. Objectives
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e To compare energy expenditure and substrate utilisation during, 1 hour post, and 24

hours post a single bout of SIE and MICE.

o To compare blood glucose as measured by continuous glucose monitoring in the 24

hours post a single bout of SIE and MICE.

e To compare insulin sensitivity 24 hours post a single bout of SIE and MICE.

o To compare whole muscle glycogen levels pre and post a euglycemic hyperinsulinemic

clamp performed 24 hours post a single bout of SIE and MICE.

1.6.4. Hypothesis

e SIE will result in significantly greater energy expenditure 0-1 hours post exercise but
not 24 hours post exercise when compared to MICE.

e SIE will significantly reduce muscle glycogen levels when compared to MICE 24 hours
post exercise.

e SIE will significantly increase insulin sensitivity when compared to MICE 24 hours

post exercise.

Schematic of experiment [

0SEC@135%PPO

Phase 1: Maximal exercise testing

sulinemic Clamp

_ o MICE 60mins@60%VO,peak
Experimental conditions D P -
a I

-23-



1.7. Experiment II : The impact of muscle contraction frequency on oxygen
consumption during maximal and submaximal exercise.

1.7.1. Overview

Nineteen recreationally active young males completed two VOspeak trials randomised to 65-
or 95-rpm. Subsequently they completed two randomised submaximal trials at 55% of PPO at

65- and 95-rpm respectively with at least 7 days between each trial.

1.7.2. Aim

To determine if the metabolic response in recreationally active participants is different when

cycling at 95- versus 65-rpm during maximal and submaximal exercise intensities.

To examine the effect, the different contraction frequencies, have on the electrical activity in

skeletal muscle.

1.7.3. Objectives

e To compare oxygen consumption, substrate utilisation and energy expenditure in

recreationally active young men while cycling at 65- vs 95-rpm for 60mins@55%PPO.

e To compare iEMG activity of the vastus lateralis in recreationally active young men

while cycling at 65- vs 95-rpm for 60mins@55%PPO.

1.7.4. Hypothesis

The rate of energy expenditure and muscle electrical activity will be significantly greater during

the 95-rpm trial.
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Schematic of experiment I1

Max Test @ 65 rpm

Phase 1: Maximal exercise testing

Max Test @ 95 rpm

Sub max Test @ 65 rpm 60mins
Lactate and EMG

A4

Phase 2: Submaximal exercise —

Sub max Test @ 95 rpm 60mins
Lactate and EMG

—>

1.8. Experiment III: The impact of muscle contraction frequency during
submaximal MICE on muscle fibre recruitment patterns.

1.8.1. Overview

Eighteen recreationally active non cyclist males completed two VOapeak trials randomised to
65- or 95-rpm. Subsequently they completed three randomised submaximal trials at 55% PPO
at 65- and 95-rpm for 60-minutes and an additional trial at 95-rpm for 41-minutes. Muscle
biopsies were taken from the Vastus Lateralis pre and post the submaximal trials. At least seven

days elapsed between trials.

1.8.2. Aim

The aim of this study was to examine the relationship between the observed metabolic response
and glycogen use in type [ and type Il muscle fibres during submaximal cycling exercise at 65-

vs 95-rpm.
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1.8.3. Objectives

e To compare oxygen consumption, energy expenditure, substrate utilisation and EMG
on recreationally active young men while cycling at 65- vs 95-rpm for

60mins@55%PPO.

e To have participants perform cycling exercise at 95-rpm for 41-minutes and 5-seconds
in order to perform the number of contractions equivalent to 65-rpm for 60-minutes but

at the higher rate of 95-rpm.

e To compare glycogen use in type | and type II muscle fibres pre and post each

submaximal exercise condition.

1.8.4. Hypothesis
e Glycogen use will be greater in type II fibres during cycling at 95-rpm.

e The rate of glycogen use in type II fibres will correlate with the rate of energy

expenditure, iIEMG and MPF (Mean Power Frequency) of the vastus lateralis.

Schematic of experiment III

Max Test @ 65 rpm
Max Test @ 95 rpm

Pre Biopsy
Sub max Test @ 65 rpm 60mins

Lactate and EMG

Post Biopsy

,
] : . Sub max Test @ 95 rpm 60mins

Post Biopsy

Pre Biopsy

Sub max Test @ 95 rpm 41.05mins
Lactate and EMG

Post Biopsy
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2. Chapter II Literature Review
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2.1. Introduction

Physical activity was essential in human evolution as part of our hunter gatherer ancestors
daily struggle to acquire sufficient nutrition to survive and reproduce (Eaton and Eaton Iii,
2003). Most modern humans do not face such struggles, however physical activity is now
deemed essential in order to optimise health and prolong life span (Bull ef al., 2020). The
metabolic pathways that provide energy to undertake physical activity are complex, and it is
not fully understood how increased metabolic health is achieved or maintained. This

literature review will focus on the acute metabolic response to structured exercise.

2.2. Introduction: An overview of Energy Metabolism during exercise
Performing repeated bouts of exercise has the potential to result in beneficial adaptations
across multiple systems of the human body (Coffey and Hawley, 2007). Exercise can be
broadly separated into two modes of activity, resistance exercise and aerobic exercise with
divergent but overlapping adaptive responses to each form of exercise (Docherty and Sporer,
2000). Resistance exercise has been shown to have a significant impact on muscle size and
strength (Kraemer et al., 2002) while aerobic exercise leads to adaptations in the cardiovascular
system such as increasing VO,max (Garber et al., 2011). Although evidence suggests a
crossover in the mode of exercise and pathways of adaptation (Egan and Zierath, 2013), for the

purpose of this thesis, focus will be kept on aerobic exercise.

Adenosine tri phosphate (ATP) is the energy currency of the muscle cell, with the energy stored
being liberated through the hydrolysis of ATP by myosin ATPase, an essential reaction for
muscular contraction to occur (Hargreaves and Spriet, 2020). Energy metabolism and substrate
utilisation during exercise is complex, with the interaction between carbohydrate and fatty acid
oxidation being dependent on the intracellular and extracellular environments, the exercise

intensity and the duration of a given exercise bout (Spriet, 2014). The energy requirements of
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working muscle are significantly higher than at rest with as much as 1000 fold increase in ATP
production during high intensity exercise (Spriet, 1992). The concentration of ATP in resting
skeletal muscle has been shown to be small, with approximately Smmol/kg/WT present
(Bergstrom et al., 1967; Hultman et al., 1967), and as a result its rapid resynthesis following
hydrolysis is essential to meet the metabolic demands of the muscle cell, thus resulting in a

balance between hydrolysis and resynthesis dictated by the rate of ATP degradation.

2.3. Energy systems during exercise

2.3.1. Anaerobic metabolism

2.3.1.1.  Phosphocreatine system
The most readily available substrate that can be utilised for the resynthesis of ATP is
phosphocreatine (PCr). Research in recreationally active young men suggest that there are
sufficient quantities of PCr (~20mmol/kg/WT) stored in skeletal muscle to sustain 5-7 seconds
of maximal ATP turnover rate (Harris et al, 1976). Adenosine diphosphate (ADP) and
inorganic phosphate (Pi) produced from the hydrolysis of ATP act as signalling molecules to
activate creatine kinase, an enzyme that catalyses the reaction whereby ADP receives a Pi from
PCr, therefore reforming ATP in the so called Creatine Phosphate system (Baker et al., 2010b).
A further supply of ATP can be generated by the activation of adenylate kinase by increasing
levels of ADP, which catalyses 2 ADP molecules to form ATP and Adenosine monophosphate
AMP (Spriet, 1992). AMP has been shown to be a potent stimulator of AMP activated protein
kinase (AMPK), a sensor of the cells energy status and responsible for activating catabolic
pathways and deactivating anabolic pathways within the cell (Gowans et al., 2013). As ATP
and PCr are only stored in small quantities, the active muscle must rely on other energy systems

for energy production
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2.3.1.2.  Anaerobic Glycolysis
When exercise continues beyond a few seconds there is an increasing reliance on carbohydrate
as a substrate for ATP generation, with a rapid increase in glycogen breakdown, producing
Glucose-6-phosphate (G6P), which enters glycolysis resulting in ATP production. Increased
levels of AMP, calcium, as well as Pi activate glycogen phosphorylase, the enzyme responsible
for glycogen breakdown, with higher levels of these signalling molecules resulting in greater
rates of glycolysis (Spriet, 1992). G6P undergoes 8 reactions in glycolysis resulting in the net
production (2 ATP are required for glycolysis) of 2 or 3 ATP molecules, depending on if
glucose of glycogen was the starting point, 2 pyruvate molecules, and 4 hydrogen molecules
(H"). During exercise, when insufficient oxygen (O>) is present, pyruvate is converted to lactate
through the action of the enzyme lactate dehydrogenase. The exercise intensity that elicits a
large increase in blood lactate is referred to as the lactate threshold, and occurs when oxygen
consumption is not occurring at a sufficient rate to meet the needs of aerobic metabolism
(Svedahl and Macintosh, 2003).As glycogen levels are significantly higher than ATP and PCer,
the capacity of anaerobic glycolysis to generate ATP is higher, however, the rate of ATP
production is lower, resulting in a decrease in force produced by the muscle as the PCr system
becomes depleted and there is an increase in the contribution from anaerobic glycolysis

(Hultman and Spriet, 1986).

2.3.2. Aerobic metabolism

2.3.2.1.  Aerobic Glycolysis
When sufficient O» is available (aerobic conditions), the H" is shuttled to the inner
mitochondria via nicotinamide adenine dinucleotide (NADH) while pyruvate dehydrogenase
(PDH) converts pyruvate to Acetyl CoA which enters the Tricarboxylic Acid Cycle
(TCA)/Krebs Cycle also in the inner mitochondria (figure 2-1). The conversion rate of pyruvate

to Acetyl CoA is ultimately dependent on the availability of oxygen for aerobic metabolism.
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2.3.2.2.  Lipolysis
Before discussing aerobic metabolism in detail, a brief description needs to be made as to the
origins of fatty acids that enter into aerobic metabolism and the TCA cycle as Acetyl CoA in a
similar fashion to the end products of aerobic glycolysis as previously discussed. Fat is by far
the most abundant energy source available in the human body and is predominantly stored as
triglyceride (TG) in adipocyte cells in adipose tissue (Jeukendrup, 2013). The release of free
fatty acids (FFAs) from the triglyceride molecules in adipose tissue is called lipolysis and is
controlled by an enzyme called hormone sensitive lipase (HSL). Insulin present in the post
prandial state inhibits HSL allowing the uptake and storage of FFAs while epinephrine present
during exercise activates HSL thus increasing the amount of FFAs in circulation (Kraemer and
Shen, 2002). FFAs are also stored as intramuscular triglyceride (IMTG) in muscle cells with
similar levels present in both well trained athletes as well as sedentary obese individuals
however, the turnover rate and impact of IMTG is significantly different in each group (Moro
et al., 2008). The process of releasing the energy stored in the chemical bond of FFAs begins

with beta oxidation.

2.3.2.3.  Beta Oxidation
FFA transport into the muscle cell can occur through free diffusion as well as via transporting
proteins present on the muscle cell surface (Bonen ef al., 2007). Once in the cell, FFA is acted
upon by acyl-CoA synthase (ACS) to form fatty acyl-CoA which is transported to the inner
mitochondria, mediated by carnitine palmitoyltransferase 1 (CPT1) (Stephens, 2018). Once in
the mitochondria, fatty acyl-CoA is acted upon by acyl-CoA oxidase, the first enzyme in the
beta oxidation pathway, that ultimately results in the production of Acetyl Co-A and 2
hydrogen atoms. The fatty acyl CoA can re-enter beta oxidation with the number of times it
can re-enter determined by its length (Lundsgaard et al., 2018). Oleic acid, a common long

chain fatty acid, undergoing 8 cycles before its complete degradation, and produces 9
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molecules of Acetyl CoA and 16 pairs of electrons (Hargreaves and Spriet, 2020) for the
electron transport chain (ETC). The regulation of beta oxidation has been suggested not to be
externally controlled and instead to be activated by the delivery of substrates (Eaton, 2002),

suggesting the rate limiting step in fatty acid utilisation is controlled in another pathway.

2.3.2.4.  Tricarboxylic (TCA) Cycle/Krebs Cycle
Acetyl Co-A originating from aerobic glycolysis of carbohydrate sources, or beta oxidation of
fat sources, enters the TCA cycle, combining with oxaloacetic acid having being acted upon
by the enzyme citrate synthase, and initiates a pathway that ultimately produces electrons and

carbon dioxide (CO.) (Figure 2-1) (Martinez-Reyes and Chandel, 2020).

v
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NADH
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Figure 2-1: TCA/Krebs cycle in mitochondria. Electron transport chain also presented.

Adapted from Martinez-Reyes (2020)

The TCA cycle is a tightly regulated energy producing pathway that has been shown to be a
key regulator of whole muscle energy production during continuous aerobic exercise, with
isocitrate dehydrogenase (IDH) acting as a rate limits step that is inhibited by ATP and
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activated by ADP (Martinez-Reyes and Chandel, 2020). Ultimately each molecule of Acetyl
Co-A that enters the TCA cycle will produce 1 ATP, 1 FADH and 3 NADH molecules with
the ATP molecule being available for hydrolysis and FADH and NADH being transported to
donate their electrons to the Electron transport chain (ETC) (Martinez-Reyes and Chandel,

2020).

2.3.2.5.  Electron transport chain (ETC)
The ETC (Figure 2-1) is located on the inner mitochondrial membrane and is composed of 5
transmembrane protein complexes (complex I-V). Complex I-IV collectively generate a
membrane potential between the matrix and intermembrane space of the mitochondrial. This
potential is achieved by the pumping of protons received from FADH and NADH generated in
aerobic glycolysis and the TCA cycle, out of the matrix and across the inner mitochondrial
membrane as the electrons are shuttled from complex I-IV (Zhao et al., 2019). Complex IV,
cytochrome c oxidase, combines the electrons with Oz and hydrogen to form water, a process
that ensures electrons can continue to move along the chain. The build-up of hydrogen ions in
the intermembrane space creates the energy potential that complex V of the ETC, ATP
synthase, utilises to combine ADP and Pi to form ATP (Jonckheere et al., 2012). Collectively
the formation of ATP by the ETC is referred to as oxidative phosphorylation, with the rate of
flow of electrons along the ETC being influenced by the delivery of NADH, FADH and the
supply of oxygen. The complete oxidation of one glucose molecule will result in the formation
of 36 ATP while the complete oxidation of the fatty acid palmitate will result in 130 ATP

(Hargreaves and Spriet, 2020).

Ultimately the contribution of each energy system to ATP generation during a given exercise
bout will be dependent on the ATP requirements of the muscle, which is largely dictated by
the intensity and duration of the exercise bout as will be discussed in greater detail later in this
thesis.
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2.4. Muscle fibre composition and recruitment
The above sections relate to cellular respiration that takes place in all cells within muscles both
at rest as well as during exercise. Human skeletal muscle cells are referred to as muscle fibres,
with each fibre containing the contractile machinery responsible for muscle contraction.
Different fibre types exist along a continuum, from slow to fast, defined as such by the speed
at which a contraction (twitch) takes place following neural stimulation (Scott et al., 2001).
Classification of each fibre type by its myosin heavy chain isoform has been shown to be a
reliable method for the identification of three primary fibre types in human skeletal muscle.
Type I, slow twitch fibres have the slowest contraction speed and are highly fatigue resistant,
type Ila fibres have a higher contraction speed then type I but are less fatigue resistant while
type 1Ix fibres, produce the fastest contractions but are the least fatigue resistant (Plotkin ez al.,
2021). Research using biochemical analysis on single muscle fibres has also suggested that
further delineation of the fibre types can be made based on the relative contribution of the
previously mentioned energy systems to ATP production. Type I fibres have a higher
proportion of oxidative phosphorylation capacity and are thus referred to as slow oxidative
fibres, type Ila fibres have an increased oxidative capacity when compared to type IIb fibres
and are referred to as fast oxidative fibres, while type IIb fibres have the highest capacity to
produce ATP from anaerobic energy pathways and are therefore referred to as fast glycolytic
fibres (Pette et al., 1999). Another differentiating factor that influences where on the speed
spectrum a fibre sits relates to the size of the activating motor neuron that attaches to the muscle
fibre from the nervous system. The smallest motor neurons have the lowest threshold for
activating the muscle fibre with progressively larger motor neurons having a higher threshold
of activation. The smallest motor neurons that innervate skeletal muscle do so with type I fibres,
with progressively larger neurons associated with type Ila and type IIb fibres, in what is referred

to as the Henneman size principle (1965). Hennemans original work was conducted in animal
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models, and due to ethical reasons, similar research cannot be conducted on humans. However,
using an intramuscular micro stimulation technique using microneedles allows for the
activation of single motor units, and by measuring the force produced by the muscle it is
possible to quantify the contraction response from different size motor neurons (Taylor and
Stephens, 1976). Findings in agreement with the Henneman size principle have been found in
humans during research using such micro-stimulation (Andreassen and Arendt-Nielsen, 1987)
as well as voluntary contractions using microneedle electrodes to measure neural activity

(Feiereisen et al., 1997).
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Figure 2-2 Graphical representation force produced relative to the percentage motor units
recruited and the contribution of type I, type Ila, and type IIx, adapted from Gregory &

Bickel (2005).

Skeletal muscle is typically classified into the three distinct categories mentioned, however, it
is worth noting that strong evidence suggests that hybrid fibres can exist that have properties
of type I and type Ila, as well as those that have properties of type Ila and type IIx (Pette et al.,

1999). Evidence exists that the proportion of each fibre type an individual may have is not a
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fixed variable and that a shift in fibre type may be possible as an exercise training adaptation
in some muscles. Luden et al (2012) performed muscle biopsies of the soleus and vastus
lateralis muscles on recreationally active participants before and after 13 weeks of marathon
training wherein participants increased their VO,max by 9% over the training period. Fibre
type analyses as well as a measure of oxidative capacity (citrate synthase) showed an increase
in type I fibre distribution as well as increased oxidative capacity in the vastus lateralis muscle.
Although no significant change was observed in the soleus muscle, previous research from the
same research group using a similar study design did show changes in the gastrocnemius
muscle, highlighting further the differences between muscle groups as well as muscles within
the same muscle group (Trappe et al., 2006). Both of these examples are consistent with
research that suggests exercise training which targets a particular energy system or/fibre type,
as endurance exercise does to oxidative phosphorylation/type I fibres, will result in an increase
in an individual’s ability to produce energy from that pathway/ increase in proportion of type |

fibres (Wilson et al., 2012).

Research comparing elite level athletes showed greater type I fibre type proportions in the
vastus lateralis of runners compared to kayakers, while a greater type I fibre proportion was
evident in the deltoid muscle of the kayakers, highlighting the sports specific relevance of fibre
type distribution (Tesch and Karlsson, 1985). Similar findings have been found in sports
associated with high speed and force with greater type IIb fibre proportions in the vastus
lateralis of elite level weight lifters (Serrano et al., 2019). Although the research into elite
athletes is also suggestive of a fibre type shift as a result of a specific training, questions still

remain as to how fibre type may influence an individual’s response to a single bout of exercise.

Muscle biopsies performed pre and post an exercise bout that have been examined using single
fibre analysis techniques, allow for the mechanical and biochemical analysis of the energy
pathways within a single fibre. However, due to methodological difficulties it is possible that
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different muscle fibres are being examined pre and post an intervention that might explain any
potential differences observed. It is important to note here that the impact of an individual’s
fibre type distribution on their response to a given bout of exercise is being discussed currently
while the impact of a given bout of exercise on fibre type recruitment will be discussed later in
the review of literature. However, it is worth noting briefly that it has been consistently reported
that the sequence of activation rates of the different fibre types during exercise is similar to the
Henneman size principle with the intensity of the exercise replacing the force produced in the
graph (figure 2-3). The impact of exercise intensity on muscle fibre type recruitment will be

discussed in greater detail later in the review of literature.
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Figure 2-3 Activation pattern of skeletal muscle fibres with increasing exercise intensity,

adapted from Sale et al (1987).

A common method of assessing how muscle fibre type can influence the response to acute

exercise relates to correlating and individuals fibre type distribution with their metabolic
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response to exercise, however research findings investigating this response have produced
mixed results. When comparing well trained cyclists to untrained cyclists Jansson et al (1987)
performed muscle biopsies of the vastus lateralis pre, during and post 60 minutes of exercise
at 65%VOspeak. They found increased type I fibre type distribution (70% v 40%), increased
oxidative enzyme activity (citrate synthase), increased fat utilisation and increased cycling
efficiency in the trained cyclists. However, it is worth noting that this research was performed
on very well-trained cyclist with VOapeak values 50% greater than the untrained group.
Research by Mogensen et al (2006) produced similar findings when comparing recreational
trained and untrained non cyclists when cycling at 80%VO,peak. Contrastingly, Hopker et al
(2013) did not find a relationship between fibre type distribution and cycling efficiency when
comparing trained cyclists versus untrained non cyclists (56 vs 46 ml/kg/min) when cycling at

60% VOapeak.

The degree of muscle activation from the central command motor neurons, in combination with
the afferent neural feedback from the working muscle sets the activation level of
sympathoadrenal activity during exercise (Christensen and Galbo, 1983). This activation level
will dictate the degree of cardiovascular response and metabolic response mediated through
increased levels of direct neural activation or indirect hormonal activation (epinephrine and
norepinephrine) (Mastorakos ef al., 2005). The increased sympathetic neural activity has direct
effects on metabolism by causing increased heart rate, cardiac output and blood pressure and
therefore blood flow, increased lipolysis and therefore FFA in circulation, as well as increased
glycogenolysis in the liver therefore increased glucose availability (Zouhal et al., 2008).
Similar to the differences in fibre type distribution in trained versus untrained, the
sympathoadrenal response to exercise of different intensities has been shown to be different
when comparing trained versus untrained individuals (Zouhal ef al., 2008). Given the systemic

response to exercise, observing a response such as changes in efficiency and relating it to fibre
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type alone may result in skewed findings that have not considered the potential influence of

the sympathoadrenal activity response.

2.5. Maximal oxygen consumption and exercise intensity

2.5.1. Maximal oxygen consumption
During exercise, the energy requirements of working muscles is dependent on the intensity of
the exercise being undertaken with greater energy demands as exercise intensity increases
(Norton et al., 2010). Oxygen consumption increases to fuel aerobic metabolism in order to
meet this energy demand, however there is a limit to the amount of oxygen that can be
consumed and utilised during exercise, referred to as an individual’s VO,max (Hill and Lupton,
1923). The concept of VO»max is a long standing physiological phenomenon first introduced
by AV Hill in 1923 (1923) and is well accepted in the scientific community. VOamax refers to
an individual’s maximum ability to uptake and utilise oxygen and is traditionally measured
during an incremental exercise session to exhaustion (Hill and Lupton, 1923). Measured in
millilitres per kilogram per minute (ml/kg/min), it is a strong indicator of endurance
performance (Lundby and Jacobs, 2016), as well as a key indicator of risk from all-cause
mortality (Blair et al., 1996). VOapeak refers to the highest value achieved during an
incremental exercise test and represents an individual’s tolerance to exercise, which differs
from VO,max which is the physiological maximal value an individual is capable of achieving
(Day et al., 2003). The primary difference between VO,peak and VO,max is the presence of a
plateau in the latter, with no increase in oxygen consumption observed with a corresponding
increase in muscular work (Bassett and Howley, 2000). An accepted specific criteria for
evidence of a plateau was suggested by Taylor et al (1955) who performed repeated
incremental exercise tests on young (18-35yrs) healthy males who varied in training status from
untrained to well trained, and suggested that an increase of VO, <150ml/min was necessary for

a plateau and VO,max to be observed. Although a VO, plateau is a desirable observation at the
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end of an incremental test to exhaustion it is not routinely observed. Edvardsen et al (2014)
performed treadmill exercise tests to exhaustion on 804 participants (390 women) and found
that when applying the criteria of an increase of VO, <150ml/min only 42% of the participants
were said to have achieved VO,max. Exercise modality has also been shown to influence the
likelihood of an individual achieving a plateau in oxygen consumption with significant
differences existing between treadmill and cycle ergometer, the two most common modalities
used in exercise science. Gordon et al (2012) had recreationally active young males complete
four incremental exercise tests to exhaustion with two test performed on a treadmill and two
on a cycle ergometer in random order and found that a VO, plateau was present in 8% of cycle
ergometer tests while it was present in 58% of the treadmill tests. Such findings are also related
to the lower peak values observed in cycling incremental test when compared to treadmill
incremental tests, with cycling producing 15-20% lower VOzpeak values (Muscat et al., 2015).
Due to these accepted differences between exercise modalities, VO>max when referenced in
the literature is typically referring to a treadmill exercise test while VOapeak is often referring
to an exercise modality other than treadmill such as a cycling, although it should be noted that

the two are interchangeable in the literature (Beltz ef al., 2016).

2.5.2. Exercise Intensity
The cardiovascular response to exercise is directly related to the workload and oxygen demands
of the working muscle, with VO and HR increasing linearly with work rate until exhaustion
(Hill and Lupton, 1923). The resting %HRmax and %VO2max can vary between individuals,
with trained individuals typically exhibiting lower values than untrained individuals (Jamnick
et al., 2020). Resting heart rate for young (approx. 20 years) recreationally active healthy
individuals is typically 30-50%HRmax (60-100 bpm), while resting VO is typically 10-15%
VOymax (resting =3.4ml/kg/min, VOmax= 40-50ml/kg/min) (Jung et al., 2011). The

difference during exercise is broadly suggested as the %HRmax being 10% higher than the
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%VO,max at 60%VO,max and diminishing to 5% at 80%VO,max, with the American College
of Sports Medicine suggesting that 60-80% %VO,max is equivalent to 70-85%HRmax in
healthy individuals (American College of Sports, 2013). However research by Swain et al
(1994) suggested that such broad ranges can lead to significant inter individual variation in the
%VO,max achieved for a given HR. They had healthy men and women exercise to exhaustion
and found that 40, 60, 80 and 85%VO,max resulted in 63, 76, 89 and 92%HRmax, suggesting
that using the ACSM guidelines based on %HRmax may result in exercise at a lower
%VO;max than desired. Additionally strong evidence exists that the mode of exercise and
contraction rate of the exercising muscles will alter the %VO,max and %HRmax as will be

discussed in greater detail later in this review of literature.

The work performed at the point of HRmax and VO;max during an incremental exercise test
to exhaustion on a cycle ergometer is referred to as work max (Wmax) or Peak power output
(PPO), with a %Wmax and %PPO interchangeably used to define exercise intensity in place
of %VO,max or %HRmax (Norton et al., 2010). The accuracy of PPO is increased when using
an electronically braked cycle ergometer where the resistance applied can be independent of
the pedalling rate used by the participant, and as such is preferentially used in populations with
less cycling experience than trained cyclists (Myers and Bellin, 2000). The calculation of PPO
is influenced by the protocol used and specifically the stage duration and increment with
shorter/longer stage duration or smaller/greater stage increments resulting in lower/higher PPO
(Zuniga et al., 2012; Luttikholt and Jones, 2022). The accuracy of calculating PPO has been
shown to be increased by using a prediction equation that takes into account the stage duration,
stage increment and the point in the stage at which exhaustion occurred (Luttikholt ez al., 2006).
Studies that do not use such a prediction model and instead use the power output of the last
fully completed stage, may be underestimating the PPO and therefore the %PPO to elicit a

%VO,max or %HRmax during submaximal exercise.
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Unlike %VO;max or %HRmax, the %PPO can be fixed precisely during a submaximal
exercise bout, however during continuous exercise the intensity of the exercise bout will
determine the relationship between %PPO and %VO,max and HRmax. At the commencement
of constant load/ fixed %PPO exercise that elicits an energy demand below the previously
mentioned lactate threshold, oxygen consumption rises rapidly to reach a steady state (Whipp
and Wasserman, 1972). Under such conditions the relationship between %PPO, %VO,max and
%HRmax has been shown to be constant (Whipp and Wasserman, 1972), however the duration
of the exercise bout will determine the length of time this constant state remains. When the
%PPO is above the lactate threshold, no steady state is achieved and VO, will continue to rise
until VOymax is achieved . This VO, increase is referred to as the VO slow component and
results in the relationship between %PPO and %VO,max drifting apart during continuous

exercise as %PPO does not change as %VO>max increases (Jones, 1976).

Establishing the exercise intensity of a given bout of continuous exercise that will result in a
steady state has historically been achieved by anchoring the exercise intensity to the % of max
for a given variable (VO2,HR or PPO), first reviewed by Katch et al (1978). They had men of
a spectrum of fitness from untrained to trained (VOzpeak = 37.8 - 68.8 £ 6.4 ml/kg/min)
complete cycling exercise at 60%, 70% and 80% HRmax and found that exercise at the same
intensity based on %HRmax produced a significantly different %VO>max response between
individuals. Research by Baldwin et al (2000) highlighted the inter individual variation that
can occur in response to exercise at an intensity using %VOspeak as a fixed maximal anchor.
When trained and untrained cyclists exercised for 60 minutes at 70%VO;peak there was a
significant difference between participants in their %VO:peak, %HRmax as well as lactate
levels. Although such findings have been repeated and reviewed by research investigating the
validity of using maximal anchors (Meyer et al., 1999; Scharhag-Rosenberger et al., 2010)

such methods continue to be used to define exercise intensity.
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2.5.2.1.  Exercise intensity zones/ranges

The American College of Sports Medicine (ACSM) guidelines are broadly accepted as setting
the level of exercise intensity that may be considered moderate as 60-80% VO>max (Garber et
al., 2011). From a physiological perspective, to be considered moderate intensity researchers
have suggested that a steady state of oxygen consumption should be present, indicating that
ATP production is provided for via oxidative phosphorylation (Robergs et al., 2004), that type
I fibres are predominantly being recruited (Henneman et al., 1965), that there is a low level of
glycogen depletion rate (Gollnick ef al., 1974) and lactate levels are similar to baseline (Billat,
1996). Although this broad range assists in quantifying exercise intensity as moderate, it must
be noted that significant individual variation exists in the physiological response to exercise at
an intensity between 60-80% VO,peak. Lansley et al (2011) had 9 recreationally active
untrained males (VOapeak 48.6+8) perform an incremental exercise test to exhaustion on a
cycle ergometer to determine their VOospeak. They subsequently had them exercise at
70%VOzpeak for 20 minutes and observed that four participants achieved VO,peak before the
20 minutes had elapsed. Such findings, although in a small sample size, highlight the potential

variation that can occur when individuals exercise at moderate intensity exercises.

Similar to the setting of moderate intensity, the ACSM guidelines set exercise intensities of 80-
100% VO2max as being heavy levels of physical activity (Garber et al., 2011). During exercise
between these levels of %VOymax a slow component of VO consumption may be observed
(Jones et al., 2011), increased type II fibre recruitment levels occur (Hargreaves and Spriet,
2020), an increase in lactate above baseline that may plateau (Black ef al, 2017) and an
increased rate of glycogen use when compared to exercise <80% VO.max (Gollnick et al.,
1974; Black et al., 2017). Exercise at intensities >100% VOxmax can only be sustained for
very short durations of time, are considered maximal and are referred to as severe exercise
intensity (Garber ef al., 2011). Physiological markers are suggested as being a slow component
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in VO, that does not reach a steady state (Jones et al., 2011), a continual increase in blood
lactate levels (Adeva-Andany et al., 2014), and an increased contribution of type II muscle
fibres compared to exercise intensity <100% VO.max (Henneman et al., 1965; Gollnick et al.,
1974; Casey et al., 1996). Unfortunately, the ACSM guidelines are not universally adopted
with differential ranges used to define moderate, heavy and severe exercise. An example of
this can be viewed in a review by Holloszy et al (1996) who suggests that moderate intensity
be considered 50-70% VO>max, high intensity being 70-85% VOmax and vigorous intensity’s

being >85% VO,max .

Although these ranges of exercise intensities have the potential to assist in prescribing exercise
to the general population as well as quantifying the exercise intensity in research trials, caution
is required in the interpretation of results due to the variation that can occur in an individual’s
response to a given exercise intensity as well as the variation in the name given to a range of
% VO,max used. For the purpose of this literature review, moderate intensity (MICE) will refer
to exercise intensities of 60-80% VOapeak, high intensity (HIE) will refer to exercise intensities
of 80-100% VO,peak while exercise intensity >100% VOopeak will be referred to as sprint

interval exercise (SIE), with the specific range referenced in conjunction.

2.5.2.2.  Impact of exercise intensity on substrate utilisation
Since the advent of indirect calorimetry allowing for the quantification of substrate utilisation,
it has been apparent that as exercise intensity increases there is a progressive shift from fat to
carbohydrate oxidation (Hill and Lupton, 1923). Consistent evidence has shown that fat is the
primary substrate utilised at rest with increased carbohydrate utilisation as exercise intensity
increases to maximal intensity (100%VOzpeak), however significant individual variation exists
as to the exercise intensity that results in a shift from fat to carbohydrate as the predominant

substrate utilised (Hawley et al., 1998). This variation has been shown to be influenced by age,
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gender and training status of an individual, all of which have been shown to affect substrate

selection at a given exercise intensity (Baker et al., 2010a).

Research by Romijn et al (1993) suggested that carbohydrate in the form of blood glucose and
intramuscular glycogen accounts for 10-15% of total energy production when cycling at 30%
VOypeak and increasing progressively to 70-80% total energy expenditure at 85%VO,peak.

A similar study conducted by Van loon et al (2001) suggested that at 40%Wmax, carbohydrate
accounted for 45% total energy expenditure and that this increased to 76% total energy

expenditure when participants exercised at 75%Wmax (Figure 2-4).
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Figure 2-4 Energy expenditure, substrate utilisation and exercise intensity, adapted from Van

Loon et al (2001).

While both groups used trained participants during cycling exercise, thus confining these
results to that population and mode of exercise, these findings support the generally accepted
results from a significant body of literature, that carbohydrate utilisation increases with
increases in exercise intensity (Wasserman, 1995; Holloszy and Kohrt, 1996; Jensen and

Richter, 2012; Hawley et al., 2015).
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Both Romijn et al (1993) and Van Loon et al (2001) also placed a significant emphasis on
measuring fat utilisation during exercise at various intensities. Their findings were consistent
with previous research on fat metabolism and showed that unlike carbohydrate utilisation,
which increases continually with increased exercise intensity, fat utilisation initially increases
but subsequently decreases. Romijn et al (1993) suggested that as exercise intensity increased
from 25% VOapeak to 65% VO,peak , total fat contribution rates increased from 27 to 43
pmol/kg/min and decreased to 30 pmol/kg/min when participants exercised at 85% VO:peak.
Similarly Van Loon et al (2001) estimated that the total fat oxidation was 0.68 g/min when
exercising at 40%Wmax, 0.8 g/min at 55%Wmax while it decreased to 0.51 g/min at
75%Wmax. Such findings are generally accepted in the literature, however significant
individual variation as to the intensity at which a corresponding increase or decrease in fat

utilisation may occur.

The effect that moderate intensity continuous exercise and high intensity interval exercise has

on substrate utilisation will be covered in greater depth later in this review of literature

2.6. Impact of Exercise duration on substrate utilisation
The duration of an exercise bout has also been shown to influence carbohydrate and fat
utilisation during an exercise bout (Rothschild et al., 2022). Bergman & Brooks (1999) had 7
trained (VOzpeak 58ml/kg/min) and untrained (VO2peak 38ml/kg/min) non cyclists complete
2 hours at 20 and 40%VOapeak and 1.5 hours at 60%VOzpeak on a cycle ergometer and
showed a progressive decrease in carbohydrate utilisation with an accompanied increase in fat
utilisation in both groups using indirect calorimetry. Watt et al (2002) had 7 trained males
(VOspeak 62ml/kg/min) complete 4 hours of cycling exercise at 57% VOspeak and performed
muscle biopsies at rest, 2 and 4 hour time points with indirect calorimetry and blood sampling
performed throughout the exercise trial. They found similar findings to Bergman and Brooks
(1999), in that carbohydrate oxidation decreased while fat oxidation increased over the 4 hours
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(figure 2-5), with a greater contribution from fat towards energy expenditure observed from
120 minutes of exercise. Muscle glycogen was depleted at 2 hours and further at 4 hours while
IMTG was decreased at 2 hours and only a slight further decrease was observed at 4 hours. As
plasma FFA increased continuously over the 4 hours, it was suggested by the authors that the
reliance on IMTG during continuous exercise is only evident up to 2 hours after which non-

intramuscular fat deposits supply the FFA for substrate oxidation.
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Figure 2-5 Whole body carbohydrate and fat oxidation rates during 4 hours of cycling

exercise at 57%VOapeak, adapted from Watt et al (2002).

Romijn et al (1993) had 12 trained cyclists (VOzpeak 67ml/kg/min) cycle for 120 minutes at
65% VOspeak and found that plasma derived oxidation of both fat and carbohydrate increasing
over time, while muscle glycogen and intramuscular fat oxidation rates decreasing. Similar
findings were observed by Van loon et al (2003) who additionally measured IMTG in type |
and type II muscle fibres of 8 male cyclists (VOapeak 60ml/kg/min). They performed 2 hours
of cycling exercise at 60% VO,peak with muscle biopsies performed before and after exercise

and observed a decrease in IMTG in type I but not type II fibres. An interesting finding in all
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three studies was the stable nature of blood glucose concentrations throughout the exercise
trial, suggesting that hepatic derived glucose is a tightly regulated process during exercise.
Such findings strongly suggest that as exercise duration increases a decrease in intramuscular
carbohydrate and fat stores occurs, the rate of which is dependent on the exercise intensity, and
that a greater reliance on hepatic glucose production and adipose tissue derived FFA can be
observed.

2.7. Acute response to continuous aerobic exercise
2.7.1. Exercise effect: Acute Physiological Response to Moderate intensity

continuous exercise (MICE)
The intensity of exercise has an inverse relationship with the duration of the exercise, with a
higher intensity resulting in a decrease in the duration before fatigue occurs (Hargreaves, 2000;
Ortenblad et al., 2013). Although variation exists as to what range of exercise intensity is
considered moderate, for the purpose of this literature review, MICE will be considered
continuous exercise at 60-80% VOspeak. A significant body of research exists relating to the
acute response to exercise and how intensity, duration and changes in muscle contraction
properties alter the metabolic and physiological response to a given bout, particularly in

relation to substrate utilisation.

2.7.2. Substrate utilisation and Energy expenditure
As previously mentioned, exercise places a significant metabolic stress on the active
contracting muscle fibres, with a large change in the energy demands when compared to
resting. The first 1-2 minutes of continuous exercise are predominantly fuelled by anaerobic
processes, due to the VO, lag previously mentioned above (Hughson et al., 2001). At low
(<60% VO,peak) and moderate intensity (60-80%VOzpeak) exercise, research suggests an
equilibrium can be achieved whereby ATP use can be matched by ATP resynthesize through

aerobic pathways in what is often referred to as the steady state concept (Ferretti et al., 2017).
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This concept, first described by Bock et al (1928), implies that the constant VO, and heart rate
observed at a constant low or moderate exercise work rate, can be inferred as a stable internal
environment wherein energy consumption and production are at equilibrium. Although this
concept is sometimes criticized for its simplification of complex and not yet fully understood
pathways of control (Noakes, 1997), the ratio of oxygen consumption to carbon dioxide
production, or respiratory quotient (RQ), is considered a valuable calculation in determining
substrate utilisation (Jeukendrup and Wallis, 2005). In healthy individuals, the time to reach a
steady state is intensity dependent, with greater time required as intensity increases
(Wasserman e al., 1967). The mechanism that delays VO, consumption and achievement of a
steady state is not specifically known. However the delay in increasing blood flow to the active
muscle when transitioning from rest to exercise, a delay in the activation of the associated
enzymes that control energy metabolism, as well as the time course for substrates to enter into
the mitochondria for oxidation, have all been proposed as possible explanations (Hughson et

al., 2001).

Exercise dramatically increases blood flow to the muscle, increasing to as much a 10-15 fold
in healthy untrained individuals when exercising at 60-80% VO,peak (Joyner and Casey,
2015), which significantly increases both FFA and glucose delivery to the muscle cell surface
(Saltin et al., 1998). Romijn et al (1993) showed that during MICE (65%VO:peak), FFA
delivery from adipose tissue to the working muscle increased without a change in energy
expenditure. Interestingly, they also showed that the absolute contribution of fat was the same
at low intensity (25% VOpeak) as it was at high intensity (85% VOapeak). However, it should
be noted that this study was performed in trained cyclists, on consecutive days, with each
exercise bout lasting 2 hours, all of which limit the application of these results to other
populations. It is also worth noting that the cadence in this population is also likely to be above

that of untrained cyclists as will be discussed below, however it was not noted in the methods
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as to what cadence was maintained for the duration of the exercise bout. Similar findings were
shown by Van Loon et al (2001) using trained cyclists who performed exercise at 40, 55 and
75% Wmax, for 30 minutes each (90 minutes in total), as well as an additional trial with four
participants who cycled continuously for 60 minutes at 40 and 55%Wmax, and a further 30
minutes at 75%Wmax. Using a stable isotope method as well as muscle biopsies, they found a
decrease of 34+7% in fat oxidation at 75%Wmax when compared to 55%Wmax. They
suggested that the decrease in fat oxidation rates at higher intensity were not as a result of
availability but that the control was at a molecular level in the muscle cell. In order to review
in greater detail the contribution of substrates to energy expenditure during exercise, a
segregation will now be made and a focus on carbohydrate and fat independently will now be

made.

2.7.3. Carbohydrate utilisation
Carbohydrate can be stored as glycogen in both the liver and skeletal muscle (Jue et al., 1989).
Skeletal muscle represents the larger glycogen store due to its relative size when compared to
the liver, and has historically been the focus of research investigating glycogen use during
exercise. However renewed interest in the liver, has highlighted its importance, particularly in
elite endurance events lasting longer than 90 minutes (Gonzalez et al., 2016). Although muscle
glycogen represents the larger store, only glycogen in active muscles, and active muscle fibres
is available during exercise (Greenhaff et al., 1993). The relationship between pre exercise
glycogen levels and time to exhaustion is well described, with early research by Bergstrom et
al (1967) providing clear evidence that exercise capacity was greatly reduced when participants
started MICE (75% VOapeak) in a glycogen depleted state. During MICE, as the duration of
exercise increases, the continuous use of carbohydrate will result in a gradual decrease in
glycogen stores, and given the relatively small storage of glycogen when compared to fat, it is

not surprising that after prolonged MICE these glycogen stores will become limited and a great
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proportion of energy supply will have to come from fat sources. Research by Hermansen et al
(1967) found that the point of exhaustion during MICE (76%Wmax) was closely related to
near glycogen depletion, but interestingly untrained participants were found to have slightly
lower glycogen levels at the end of the exhaustive bout compared to well-trained participants
(3.4 mmol/kg.wt versus 6.6 mmol/kg.wt). The specific mechanism by which glycogen
depletion limits exercise capacity in MICE has not been discovered in part due to the many
metabolic effects that occur in a state of reduced glycogen levels (Ortenblad et al., 2013). The
primary theory relates to a global energy deficit within the muscle fibre and suggests that
glycogen provides rapid essential ATP production that fuels the production of the
intermediaries of the aerobic pathway of metabolism. Evidence for this concept is backed up
by findings such as those from Norman et al (1988) which show an increase in IMP in glycogen
depleted fibres following 60 minutes of MICE (70%V O peak) in recreationally active young
men, suggesting a decrease in ATP regeneration rates. In contrast, studies investigating the role
of glycogen in fatigue have brought into question the global energy deficit theory. Research
such as that by Duhamel et al (2006) investigating the relationship between glycogen levels
and Ca®" release from the Sarcoplasmic reticulum (SR) following exercise at 70%VOapeak to
exhaustion. They manipulated pre-exercise glycogen levels using glycogen depleting exercise
followed by 4 days of a low or high carbohydrate diet, after which participants cycled to
exhaustion at 70%VO,peak with muscle biopsies performed pre, during (time matched for
exhaustion in the low glycogen condition) and post the exercise trial. They found no significant
difference in ATP levels, however the low glycogen condition induced an earlier deterioration
in the SR Ca*" release. Further to this, in vitro research by Nielsen et al (2011) identified similar
SR Ca*' release deteriorations in isolated single fibres from rats that were low in glycogen yet
ATP levels were maintained at normal levels. Findings such as these suggested that the fatigue

associated with low glycogen might relate to its regulation of the contractile mechanism of
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contraction rather than metabolic pathways of ATP resynthesis. During MICE lasting up to 60
minutes in healthy individuals, it is unlikely that glycogen depletion is going to occur unless a
participant began the exercise bout in a glycogen depleted state through previous exercise, or
by following a low carbohydrate diet, a technique routinely used in research to investigate the

effects of exercise in a reduced glycogen state (Roepstorftf ez al., 2005).

2.7.3.1.  Muscle Fibre Specific carbohydrate changes
An interesting, and somewhat understudied aspect of glycogen metabolism relates to its fibre
type specific storage and utilisation. Glycogen storage within muscle can be classified into
three distinct subcellular regions of storage. These are intermyofibrillar (IMF),
Intramyofibrillar and subsarcolemmal (SS) with IMF representing the majority (75%) of
glycogen stored while SS and Intramyofibrillar can account for between 5-15% each (Nielsen
and Ortenblad, 2013). Type II muscle fibres can have between 16% (Vellestad et al., 1984)
and 32% (Greenhaff er al., 1993) greater total glycogen then type I fibres, however the
distribution of glycogen across fibre type and the three subcellular regions does not appear to
be different in sedentary or recreationally active individuals (Nielsen et al, 2010).
Interestingly, not only do well trained endurance athletes have an increased total glycogen level
(Sherman et al., 1981) but it would also appear that an adaptation to MICT is increases
Intramyofibrillar and SS glycogen in type I fibres, and IMF in type II fibres, when compared
to recreationally active healthy males or sedentary young men with obesity (Nielsen ef al.,
2010). Another fibre type specific difference identified by researchers investigating glycogen
localization within the muscle cell is that type I fibres have an increased Intramyofibrillar
glycogen storage located at the I band while type II fibres have greater Intramyofibrillar
glycogen storage located at the A band (Schmalbruch and Kamieniecka, 1974). Both of these
findings have been suggested to confer that IMF glycogen may be associated with the speed of

contraction while SS and intramyofibrillar might play a central role in endurance capacity,
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however further research is required to confirm this association (Nielsen and Ortenblad, 2013).
Fibre type specific differences in the localisation of glycogen is a relatively understudied area
with most exercise related studies investigating changes in elite athletes engaged in exhaustive
exercise of a high intensity or long duration (Nielsen and Ortenblad, 2013). Differences in
localised depletion rates in different fibre types have been observed when comparing HIE and
MICE, suggesting an intensity-dependant coupling of glycogen deposit sites with specific

cellular functions such as energy homeostasis or calcium cycling (Vigh-Larsen et al., 2022).

Research investigating fibre specific glycogen depletion patterns during MICE to exhaustion
traditionally performs muscle biopsies during the exercise bout at various time points, where
exercise is stopped briefly for the sample to be taken (Costill et al., 1973; Gollnick et al., 1974;
Vollestad et al., 1984; Ball-Burnett et al., 1991). Gollnick et al (1974) had 13 recreationally
active males participants cycle at 64%VO;peak for 2 hours and performed muscle biopsies at
pre, 20-, 60- and 120- minute time points. Their findings suggested that type I fibres were
depleted first, with measurements at 20- and 60- minutes, after which type II fibres began to
be depleted to a greater extent than up to that point in the trial. Vellestad et al (1984; Vollestad
and Blom, 1985) produced similar findings in two separate studies using a similar protocol but
with participants exercising at 75%VOapeak. Ball et al (1991), performed single leg cycling
exercise on six active but not trained young males who exercised at 61%VO:peak until
exhaustion. Muscle biopsies were performed at 15- and 60-minute time points and showed
similar results to the previous studies, with type I fibres being depleted at an earlier stage and
to a greater degree than type II fibres. Additional measurements of lactate, ATP, and creatine
phosphate were made with significant differences between fibre types only existing at the 15-
minute time point, with a significantly greater level of lactate existing in type II fibres. It is
important to note that all of these studies found that type II fibres were not totally depleted of

glycogen at the termination of exercise suggesting that glycogen levels alone are not an
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exclusive factor in fatigue, as well as suggesting a sparing of this glycogen source for high
intensity/contractions of a rapid nature, even when exhaustive fatigue has taken place (Vigh-
Larsen et al., 2021). Collectively the literature strongly suggests that during MICE lasting up

to 60 minutes type I muscle fibres are recruited to a greater extent than type II fibres.

In summary, glycogen utilisation during MICE lasting up to 60 minutes appears to be a tightly
regulated metabolic process with lowering glycogen levels having a direct and immediate
effect on other metabolic pathways within the cell. Although it appears MICE will lower total
glycogen levels in a consistent fashion, the divergent usage of fibre types as well as the usage
of the localized storage sites of glycogen suggest a regulation of whole energy metabolism

from specific muscle glycogen stores.

2.7.4. Fat utilisation
The control of fat utilisation during MICE has been well studied, with particular focus on the
impact of intensity on fat utilisation rates for both health and performance reasons (Achten and
Jeukendrup, 2004). This focus is in part driven by the significant potential benefit of being able
to increase the relative contribution of fat at a given intensity, thereby in theory sparing
glycogen levels with the performance aim of increasing the time to exhaustion (Venables et
al., 2005; Vigh-Larsen et al., 2021). It is also of interest in the context of health, as increasing
fat utilisation during exercise may aid in avoiding excess weight gain for healthy individuals

or aiding those seeking to reduce their adipose fat levels (Miller et al., 1997; Swift et al., 2014).

Although it is consistently shown that fat utilisation is directly affected by the intensity of
exercise (Coyle, 1995), similar to carbohydrate as previously described, significant variation
exists between individuals as to the rate of fat use for a given intensity, with age, gender,
training status and diet all having been shown to influence the fat utilisation rate (Bergman and

Brooks, 1999; Jeukendrup and Achten, 2001; Maunder et al., 2018). The relative maximum
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amount of fat utilised during exercise, or Fatmax as coined by Jeukendrup et al (2001), marks
the intensity of exercise where the relative contribution of fat as a substrate is at its highest. As
exercise intensity increases there is a gradual shift from fat to carbohydrate as the primary
substrate utilised, and therefore it is not surprising that the Fatmax for an individual would lie
between low and high intensity exercise (Sidossis et al., 1997; Amaro-Gahete et al., 2019).
Methodological issues have been highlighted that create differences in how Fatmax is
calculated, and it has been suggested that this has influenced the range of exercise intensity that
results in Fatmax for a given population. A recent systematic review by Amaro-Gahete et al
(2019) highlighted these issues with particular focus on the influence of differences in
ergometer used, stage duration and intensity, time selected for data collection, equations used
to calculate substrate use, time of day exercise was performed and the timing of the last meal
before the exercise trial. They also highlighted that differences in exercise protocols and
variations in metabolic carts being used between studies as especially problematic (Amaro-
Gahete ef al., 2019). Detailed studies that have measured substrate utilisation and also adopted
the muscle biopsy technique in continuous exercise tend to do so using two (Bergman and
Brooks, 1999) or three (Van Loon, L. J. et al., 2001) distinct intensities that participants
exercise at for a given period of time, so that a steady state is achieved (Wasserman et al.,
1967). Although this method gives a direct measure of the amount of fat being utilised at the
level of the muscle, due to the cost associated with muscle biopsies, this is not a common
method of calculating Fatmax, as the number of biopsies that would have to be performed
would be significant. As indirect calorimetry has been shown to be an accurate and reliable
indirect method for calculating substrate utilisation during steady state exercise (Jeukendrup
and Wallis, 2005)), it is routinely used to measure Fatmax in research studies. A review by
Maunder et al (2018) aimed at developing normative Fatmax values in healthy recreationally

active individuals, suggested that the exercise intensity at which Fatmax was achieved ranged
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from 43-59% VOapeak, with this range trending down as fat mass increased or trending up
with increasing fitness levels. This finding is backed up by a detailed experiment by Jeukendrup
et al (2003) who found that the Fatmax for trained male cyclists ranged from 48-64% VOxpeak.
It was noted within this study that VO,peak in cycling exercise is not VO,max, suggesting that
the range for Fatmax is likely to be higher than stated when cycling exercise is used. The
observed increase in Fatmax with increasing fitness levels is associated with strong evidence
that increasing VO,peak through regular exercise will increase the amount of fat utilised for a

given exercise intensity (Hurley et al., 1986).

Fat is stored in several places around a healthy human body with the primary site being in
adipose tissue, with smaller deposits within muscle and in circulation in the blood (Jeukendrup
and Achten, 2001). However, questions remain as to the contribution of these deposits to fat
utilisation during MICE. During exercise, the previously described increased blood flow
increases the delivery of FFA from adipose tissue to the working muscle (Saltin et al., 1998),
with evidence that the oxidation rate of these FFA increases as the duration of MICE
(65%VOapeak) increases (Romijn et al., 1993). Using indirect tracer infusion methods it has
been estimated that up to 50% of the total fat utilised during 2 hours of MICE (63% VO,peak)
was not plasma based and therefore potentially IMTG (Martin 3rd ef al., 1993). However, it is
important to note this study was on well-trained athletes cycling for 2 hours, a period of time
not associated with exercise durations in untrained individuals. The contribution of IMTG to
total fat utilisation during MICE is of interest for a number of reasons. Increased IMTG levels
are associated with obesity and insulin resistance in sedentary individuals, yet also associated
with well-trained insulin sensitive endurance athletes (Goodpaster et al., 2001). Individuals
with obesity have been shown to have reduced IMTG oxidation during MICE (Simoneau et
al., 1995; Standley et al., 2017) while trained individuals appear to have increased IMTG

oxidation (Phillips et al., 1996). During 60 minutes of MICE (65%VO2peak) using an infused
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tracer method in combination with indirect calorimetry, Friedlander et al (1999) found that
IMTG accounted for 27% total fat oxidation in untrained healthy males. Direct methods of
assessing IMTG contribution utilising the biopsy technique or more recently H-magnetic
resonance spectroscopy (H-MRS) have shown that IMTG can decrease by up to 28% by 45
minutes during MICE (50%VO,peak) with further reductions as exercise duration increases
(Egger et al., 2013). Given that IMTG have been found to be in close proximity to the
mitochondria, it is not surprising that they supply FFA for oxidation during exercise (Van
Loon, 2004). Research has also shown that in untrained individuals, type I fibres have similar,
though slightly lower glycogen levels to type Il fibres, however have 2-3 times the IMTG
content (Essén et al., 1977). The relative contribution of IMTG or plasma FFA to MICE fat
oxidation rates is highly individual with significant variation present in the literature (Loher et
al., 2016), highlighting the metabolic flexibility that exists in relation to fats contribution to

substrate utilisation during MICE.

In summary, fat utilisation during MICE is a highly individual process with significant inter
individual variation existing. An individual’s ability to uptake and utilize oxygen is a key
variable that dictates the increase or decrease in the relative contribution of fat during MICE
(Maunder et al., 2018). Although some disagreement exists in the literature as to the exact
relative contribution from plasma FFA and IMTG (Watt, Heigenhauser and Spriet, 2002), it is
accepted that both contribute to fat utilisation in healthy individuals during MICE (Goodpaster
etal.,2001).

2.8. High Intensity Interval Exercise/ Training

2.9. Interval exercise/ Training terminology
Interval exercise refers to an intermittent form of exercise whereby periods of relatively low
intensity exercise are interspersed with periods of high intensity exercise (Gibala and Little,

2020). Although leading researchers in the field of interval exercise have attempted to
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introduce standardised definitions of the various intensities of interval exercise, a definitive
consensus has not yet been achieved (Biddle and Batterham, 2015). A review by Maclnnis &
Gibala (2017) encapsulated the physiological adaptations that occur as a result of interval
exercise as well as providing a concise definition of the various interval definitions. In order to
review the literature, they segregated the various exercise types based on the intensity used as
well as the duration of active exercise (see figure 2-6). They suggested that high intensity
interval exercise (HIE) should consist of intense exercise that elicits >80% of an individual’s
maximal heart rate, with exercise periods lasting up to 5 minutes in duration. Sprint interval
exercise (SIE) consists of maximal or “all out” exercise periods typically <60 seconds, that use
a workload greater than that used to achieve maximal oxygen consumption in an incremental
exercise test. Both HIE and SIE when used as part of regular exercise sessions are referred to
as high intensity interval training (HIT) and sprint interval training (SIT) respectively, with the
number of repetitions of intervals placing the bout in low or high volume respectively

(Macinnis and Gibala, 2017).
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Figure 2-6 A graphical representation of differences in the main types of aerobic exercise

adapted from Maclnnis & Gibala (2017).

Further to this, Bishop et al (2018) have suggested that high intensity training (HIT) be defined
as including intervals performed above 75% of the maximum power achieved during a graded
exercise test. This should include both high intensity interval exercise and training (HIE and

HIT respectively), as well as including sprint interval exercise and training (SIE and SIT).

Research models of interval exercise
Although the previous examples by Macinnis et al (2017) and Bishop et al (2019) assist in
delineating between HIE and SIE, researchers investigating the potential health related benefits
of HIT and SIT have typically adopted three potential models of exercise, that vary in intensity
duration and total volume of exercise. Such models are similar when in use in healthy

individuals as well as in diseased populations such as those with cardiovascular disease (Ito,
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2019). The three models include, low volume HIT, medium volume HIT and high volume HIT

and are outlined below.

2.10.1. Low volume HIT
In low volume HIT, the focus is on keeping the time period spent at intense exercise low,
typically <30 seconds for each interval with the intensity of each effort >95% of VO,peak
(Tabata et al., 1996; Gibala et al., 2006; Wisleff et al., 2009). The recovery period between
efforts can be as low as 10 seconds (Tabata et al., 1996) to significantly longer, with recent
research showing that the length of time between exercise efforts can be hours, yet still produce
similar findings to traditional HIT where rest periods are minutes rather than hours (Little et
al.,2019). In research studies investigating HIT with intensities >100% of VOxpeak, a modified
Wingate test is often used. The Wingate test consists of a 30 second “all-out” effort that is
considered the gold standard for establishing maximum anaerobic power in athletes (Maud and
Shultz, 1989). Research by Gibala et al (2006) has reignited the interest in low volume HIT
with a focus on the time efficiency of this form of exercise. Total exercise time can be as low
as 2 minutes (4x30second Wingate’s) as part of a low volume HIT protocol (Gibala et al.,
2006; Hazell et al., 2010), however the intensity of the exercise is supramaximal, typically

being an “all-out” sprint effort.

2.10.2. Medium volume HIT

Exercise efforts consisting of “all out” efforts or maximal efforts lasting >30 seconds but <60
seconds are considered medium volume. Research studies incorporating modified Wingate
tests >30 but <60 as part of HIT generally involve 8-10 repetitions with 1-2 minutes recovery,
thus maintaining relatively low total exercise time with exercise intensities generally 85-100%
of VOopeak (Little et al., 2011). Total active exercise times of 8-12 minutes (Little e al., 2010)
adopted in medium volume HIT is relatively longer than low volume HIT, yet are still
significantly shorter when compared to MICT.
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2.10.3. High volume HIT
HIT that consists of interval exercise lasting >60 seconds results in a relatively high total
exercise time when compared to bouts of <30 seconds. Intervals can be up to 4 minutes in
duration with exercise intensities between 85-95% of VOapeak, with participants generally
completing 4-6 repetitions with recovery periods at least matching the exercise time (Wisloff
et al., 2009). High volume HIT has demonstrated positive effects on cardiovascular function

when compared to work matched MICT (Wisloff et al., 2009).

2.11. Operational Definitions
Even though the above broad guidelines assist in defining interval exercise protocols, it has
been highlighted in the literature that inconsistencies in defining interval exercise in research
publications has resulted in a reduced ability to draw concise conclusions and a generalisability
from research findings (Viana et al., 2018). This is due in part to the almost infinite possible
variations that can be made of the variables that contribute to an interval exercise bout. These
variables include the exercise mode, intensity, duration, repetitions and the rest duration and
intensity if active recovery is adopted, all of which will affect the physiological response to the

exercise bout (Buchheit and Laursen, 2013).

Therefore, for the purpose of this thesis, HIE will refer to any interval exercise consisting of
efforts >80% of a specified max while SIE will refer to exercise performed at intensities >100%
of max. For both HIE and SIE, where necessary, specific reference will be made to the % of
max used, work to rest ratio as well as the number of repetitions used when appropriate.
Additionally HIT and SIT will refer to studies where interval exercise was utilised as part of a

training study.
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2.12. Exercise effect: Acute Physiological Response to interval exercise.

2.12.1. Rate of force production
A signature of HIE and SIE is that it places a significant metabolic demand on the working
muscle (predominantly anaerobic) involving rapid force generation in the initial 5-10 seconds
(Kilpatrick et al., 2014). It is not clear whether it is the initial high force generation or the effort
in maintaining the high force that results in the subsequent health benefits associated with
interval exercise. There is no consensus on the contribution of the two parts however it has
been suggested by some (Hazell et al., 2010), that this initial high force generation at the start
of the effort is responsible for the metabolic benefits observed in the acute post exercise phase.
Hazell et al (2010) had 48 recreationally active males (VOzpeak 47 ml/kg/min) perform a
randomised controlled trial with 2 groups performing 2 weeks of training consisting of 6
sessions of 5x30 second sprints or 5x10 second “all out” cycling sprints. A Skm cycling time
trial and VOzpeak were performed pre and post training. The increase in Skm time trial
performance and VO;peak was not significantly different between groups, suggesting that the
increase was due to the work performed in the first 10 seconds. This hypothesis is supported
by Bogdanis et al (1996) who reported that 45% of the total work done in a 30 second bout is
done in the first 10 seconds. However, two studies performed by Burgomaster et al (2005;
2006) also used 5x30 second “all out” efforts during 6 sessions over 2 weeks but did not find
a significant difference in VOzpeak. As only eight participants took part in the exercise group,
a lack of statistical power may be responsible for the lack of a significant increase in VOzpeak.
It should also be noted that in both studies the short duration (2 weeks) of the training program
may be a limitation of the findings as a longer training program might produce significant
differences between groups. Although the high rate of force development is an integral part of
HIE and SIE, further research is required to determine its relative contribution to adaptations

as a result of HIT and SIT.
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2.12.2. Substrate utilisation
Given the variations in definitions and protocols which exist between studies, interpretation of
the research investigating the acute physiological response to interval exercise is challenging.
That said, it is generally accepted that due to the rapid force generation, and therefore energy
demand within the muscle, SIE lasting <15 seconds, relies chiefly on the ATP-PCr and
anaerobic glycolysis pathways to supply the energy required for the exercise effort while SIE
lasting >15 seconds will rely on both the anaerobic and aerobic pathways (Bogdanis et al.,
1996). As there is a broad spectrum of possible intensities of exercise, as well as work to rest
ratios adopted in interval exercise, the reliance on any particular energy system will be
dependent on the particulars of the exercise undertaken. However, it is accepted that interval
exercise should aim for intensities that place a predominant stress on the anaerobic pathways
during the active exercise interval (Macinnis and Gibala, 2017). As anaerobic pathways are the
principal supplier of ATP during interval exercise, it is not surprising that significantly greater
glycogen reductions can be observed following a bout of HIE or SIE when compared to a work-
matched bout of MICE. Research investigating fibre type specific glycogen utilisation suggests
that both HIE and SIE will result in a pronounced fibre type specific glycogen degradation,
with type II fibre glycogen utilised in the initial stages of exercise (Gollnick et al., 1974;
Greenhaff et al., 1994; Vigh-Larsen et al., 2021). However, as exercise duration increases and
the number of intervals performed increases, the disparity between type I and type II fibre
glycogen utilisation is less apparent with a greater reliance on type | fibre glycogen stores

compared to the initial stages of the exercise bout (Vigh-Larsen et al., 2022).

Although the research relating to fibre type specific glycogen utilisation during HIE and SIE
suggests a higher reliance on type Il fibres during the initial stages of the exercise bout, the
literature relating to how interval exercise influences the subcellular regions of storage is less

precise with relatively little research to date. Gejl et al (2017) had 10 elite skiers complete
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4x4minute @95%HR max with 45 minutes recovery between bouts with muscle biopsies
performed on the triceps brachii muscle pre and post the first and last intervals. They found an
even reduction in IMF and SS in type I and Type II fibres while Intramyofibrillar were reduced
significantly in type I fibres alone, however the long duration of the interval resulted in a greater
contribution of the aerobic energy system than traditionally observed in HIE and SIE. Vigh-
Larsen et al (2022) had 18 moderately and well trained males (VOzpeak 51-66 ml/kg/min)
complete 4x10x45sec@105%PPO intervals with 135 seconds rest between repetitions and 10
minutes rest between sets. Their findings suggested that both Intramyofibrillar and IMF were
preferentially used in type II fibres during the initial set of intervals while an even reduction
between regions was observed during the last set of intervals. This finding is similar to the
glycogen depletion patterns previously mentioned (initial preferential type II utilisation) and
can in part be expected due to IMF representing the largest subcellular glycogen store. Given
the relatively little research conducted on the influence of HIE and SIE on subcellular glycogen
utilisation patterns it is difficult to determine their specific role in the metabolic response to
this form of exercise, however, as research using MICE has shown a definite role for each
region during exercise as previously mentioned, it is possible the same may exist during
interval exercise. Further research is required to determine the specific role subcellular

glycogen stores have during HIE and SIE.
2.12.3. Energy expenditure

Indirect calorimetry is traditionally used to calculate energy expenditure during exercise (Hill
and Lupton, 1923), however this method will tend to underestimate energy expenditure when
the exercise has a large contribution from glycolytic pathways (Scott, 2005). Calculating
additional measurements relating to VO, kinetics during exercise (Krogh and Lindhard, 1920)
and EPOC (Excess post exercise oxygen consumption) (Gaesser and Brooks, 1984) will
increase the accuracy of indirect calorimetry at calculating energy expenditure during an
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interval exercise bout, however this method is time consuming and not commonly performed
in interval exercise related research. As energy expenditure calculations using indirect
calorimetry require a steady state to exist (Consolazio et al., 1963), which is not present during
interval exercise, precise energy expenditure measurements are not possible (Seiler et al.,
2013). However, it is accepted that energy expenditure from a single bout of interval exercise
is typically lower than MICE due to the significantly reduced time spent exercising (Gibala
and Little, 2020). To this extent, the mechanical work produced is routinely used in studies
comparing interval exercise and MICE (Macinnis and Gibala, 2017). Although useful,
mechanical work significantly underestimates the internal work performed during interval
exercise and can skew the interpretation of energy expenditure when comparing interval
exercise and MICE (Scott, 2005). Similar to energy expenditure, mechanical work performed
during a bout of HIE or SIE is generally lower due to the significantly lower time spent in

active exercise (Gibala et al., 2006)

For a given bout of exercise, researchers who have matched MICE, HIE and SIE by way of the
mean intensity of the bout, have shown similar energy expenditure, carbohydrate and fat
metabolism when averaged over the trial (Essen, 1977; Cochran et al., 2014; Zafeiridis et al.,
2016). However, some researchers who have also matched trials in a similar fashion did not
show similar findings (Gosselin et al., 2012). Should energy expenditure be similar, it would
align with research that shows similar acute cellular signalling changes yet different chronic
changes when comparing interval exercise and MICE (Cochran et al., 2014). Further work is
required to increase the accuracy of calculating both the aerobic and anaerobic components of
interval exercise, which will increase our understanding of the mechanisms underpinning the

adaptive response to this form of exercise.
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2.12.4. Fibre type recruitment
Skeletal muscle fibre type recruitment is proportional to the intensity of the exercise bout, with
type 1 fibres predominantly recruited at low and moderate intensity, with the additional
recruitment of type II fibres as exercise intensities (Henneman et al., 1965) or duration
(Gollnick et al., 1974) increase. Interval exercise typically involves brief, high intensity
exercise, and as such, should rely on the additional recruitment of type II fibres to meet the
force requirements of the exercise (Henneman et al., 1965). Research from Casey et al (1996)
clearly showed a significant contribution of type II fibres to interval exercise, with significant
reductions in ATP and PCr when compared to type I fibres. However, it should be noted they
used only 2 “all out” Wingate intervals to show their findings, which may not be applicable to
protocols of shorter duration or lower intensities. Further work from Esbjornsson et al (1999)
did show a fibre type specific metabolic response to a single Wingate test as well as gender
related differences in fibre type specific glycogen use. Acutely, Kristensen et al (2015) did
show a significantly greater use of type II fibres in interval cycling exercise
(6x90sec@100VOzpeak) when compared to MICE (30mins@70%VO,peak), showing
increased glycogen use and AMPK expression in these fibres. Vigh-Larsen et al (2022) had 18
moderately and well trained males (VOzpeak 51-66 ml/kg/min) complete 4x
(10x45sec)@105%PPO intervals with 135 seconds rest between repetitions and 10 minutes
between sets. Additionally, participants performed 5x6sec maximal sprints at baseline as well
as immediately after each set of intervals. Muscle glycogen levels were significantly lower in
type II fibres following the first set of intervals with a significant reduction in sprint ability.
Muscle glycogen reductions were not different between fibre types following the 3™ set of
intervals although a further reduction in sprint performance was observed. This research
suggests that type II fibre glycogen use is preferential during interval exercise, however type |

fibres are recruited when type II glycogen levels become lowered. However, other researchers
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have found no difference in fibre type changes following an acute bout of HIE (Scribbans et
al., 2014; Tan et al., 2018). The differences in results may be as a result of the difference in
protocols used within each study with Kristensen et al (2015) using high volume interval

exercise while Scribbans et al (2014; 2018) used low volume interval exercise.

Should specific fibre type differences exist in response to interval exercise, this may explain
the exercise-type specific, acute adaptations that can be observed (increased insulin sensitivity)

when comparing SIE and MICE (Kristensen et al., 2015).

2.13. Physiological Benefits of HIT

2.13.1. VOypeak
A significant body of evidence exists to support the use of HIT in athletic training programs to
increase VO2 peak levels, with benefits shown in both endurance athletes (Billat, 2001) as well
as field based sports involving intermittent high intensity exercise (Bangsbo, 1994). Research
has also been conducted to investigate the use of HIT in clinical populations to increase
VOspeak levels and reduce the risk of disease (Kilpatrick et al., 2014). These studies have
shown consistently that high volume HIT can produce significantly greater improvements in
VOspeak when compared to the same volume and time commitment of MICT (Wisleff et al.,

2009).

Research in 2006 by Gibala et al (2006) showed similar changes in exercise capacity and
selected muscle adaptations when comparing SIT and MICT over a 14-day period. They had 8
recreationally active men (VOapeak 51 ml/kg/min) perform 6 sessions over the 14 day period
that consisted of SIE (5x30sec@250%VO,peak) or MICE (105mins@65%VO,peak) and
found similar increases in muscle oxidative capacity as measured by the maximal activity of
cytochrome C oxidase as well as the decrease in the time to complete a 750kj cycling time trial.

This was especially noteworthy given a 90% lower training volume in the SIT group. It was
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acknowledged by the authors that this was a relatively short training program (2 weeks) and
that the rapid changes that occurred from SIT may be overtaken by the slower adaptations that
occur from MICT. Subsequent research showed similar findings in sedentary young men
following 12 weeks of training using a similar protocol (Gibala, 2016). Research by Helgerud
et al (2007) showed superior effects from 8 weeks of low volume HIT and high volume HIT
at increasing VOspeak when compared with work matched exercise at 70% of VO,peak and
85% VOapeak in moderately trained subjects (VOzpeak 55ml/kg/min). Low volume HIT
consisted of 15 seconds running at 95%VO;peak with 15 seconds rest with 47 repetitions
performed while high volume HIT consisted of 4x4 minutes at 90-95%VO,peak with 3 minutes
active recovery between intervals. Both the 70%VO,peak and 85%VOxpeak groups performed
continuous running protocols. Both HIT groups significantly improved VOzpeak compared to
the continuous exercise groups with no difference observed between HIT groups. Wisloff et al
(2007) also showed similar findings in heart failure patients following 12 weeks of similar

exercise training.

The mechanism by which HIT increases VOapeak is not fully understood, however in studies
of <6 weeks, both MacPherson et al (2011) and Jacobs et al (2013) suggested that adaptations
related to peripheral changes may contribute to the increase in VOspeak. In these shorter
duration studies, strong evidence exists that changes in skeletal muscle are the main drivers of
the benefits of HIT on VOspeak with an increase in mitochondrial content as the main
facilitator of improvements in tissue oxygenation, increasing maximal oxygen consumption
and ultimately endurance capability. In training studies greater than 6 weeks, increases in red
blood cell volume and stroke volume also contributed to the increases in VO2peak in untrained
(Warburton et al., 2004) and trained individuals (Wisleff ef al., 2007), further suggesting that
the initial benefits of HIT are driven by changes in skeletal muscle. A number of potential

pathways of adaptation in skeletal muscle may explain the similar increase in VOpeak
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observed from HIT. Mitochondria biogenesis is a core adaptation that occurs from exercise
training and is strongly associated with improvements in VO,peak. It has also been shown to
be an early adaptive response to exercise with significant increases observed in as little as 5
days (Starritt et al, 1999). Mitochondrial biogenesis has been suggested as being a key
potential pathway activated by HIT that can explain the initial significant increase in VO,peak
(Daussin et al., 2008), however a review by Bishop et al (2018) highlighted the need for a

better understanding of the factors that regulate exercise induced mitochondrial biogenesis .

The high force and intensity associated with SIE activates type II muscle fibres to a greater
degree than traditional MICE (Casey ef al., 1996). This has led to studies investigating fibre
specific differences that may explain the variation in the time requirement of the exercise
needed to produce a measurable change in variables such as VOxpeak. AMPK, as mentioned
previously, is a key signalling pathway that regulates metabolism during exercise as well as
the adaptive response to training (Herzig and Shaw, 2018). It has been shown that certain
isoforms of AMPK are activated to a greater degree in type II fibres as a result of SIE when
compared to MICE (Kristensen et al., 2015). Such fibre specific changes may also explain in
part the initial changes in VO,peak observed as a result of SIT. It is important to note that both
mitochondrial biogenesis, and fibre type specific adaptations are methodologically difficult
markers of exercise adaptation to measure and given the previously mentioned difficulties in

matching SIT and MICT, caution should be observed when interpreting results.

In summary, low volume HIT programs <6 weeks have been shown to be a time efficient means
of increasing VOspeak. Training programs that are longer than 6 weeks should incorporate HIT

to maximise the potential adaptations that will increase VOapeak (Wen et al., 2019).
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2.13.2. Time efficiency benefits
A significant driver for the increase in research in recent decades relates to the potential time
saving benefits of HIT, in what is often referred to as a “time poor” world, as a lack of time is
often quoted as a reason for those who struggle to exercise regularly. HIT can produce desirable
physiological changes that are associated with an increase in VOapeak and reduced risk for
chronic disease with relatively low training volumes when compared to traditional MICT
(Little et al., 2010). Although this claim has been a staple of modern research, it is important
to note that there is variation in the time spent exercising in the different forms of HIT, as well
as the supramaximal nature of some of the protocols, a level of effort that some individuals
may not be able to attain. This has led to debate as to whether HIT can be used as an effective
tool in population level recommendations for health enhancing physical activity (Biddle and
Batterham, 2015).
2.14. Muscle Contraction Frequency/Cycling cadence
2.14.1. Introduction

The physiological response to an acute bout of exercise is dependent on a number of factors
and the rate of force development, is the most commonly studied variable. A greater rate of
force development will increase cardiac output, minute ventilation, energy expenditure and
substrate utilisation during exercise (Van Loon, L. J. C. et al, 2001; Lucia et al., 2002;
Siebenmann et al., 2015). In addition to the rate of force development, the frequency of muscle
contraction is another important contributor to the response to an acute bout of exercise but has
not been studied to the same extent. The literature relating to muscle contraction frequency is
not consistent with variation in the literature as to the observed physiological responses that

occur when contraction frequency is manipulated during exercise.

-70 -



2.14.2. Freely chosen cadence (FCC)
During cycling, the power output is achieved by a combination of the force applied to the pedals
(torque) as well as the rate at which the individual is pedalling , which is referred to as cadence.
An increase in cycling cadence will reduce the torque applied to the pedals, and vice versa, for
any given power output when using an electrically braked cycle ergometer (Ettema and Loras,
2009) and has been shown to influence the physiological response to exercise (Ansley and
Cangley, 2009). Although in theory a broad range of possible cadences exists, it is interesting
that individuals typically adopt a rate that is influenced by their previous exposure levels to

cycling (Mater et al., 2021) which is referred to as their freely chosen cadence (FCC).

2.14.3. Population level differences in cycling cadence
During cycling exercise the ratio of energy production to the work being performed is referred
to as cycling efficiency (Abbiss et al., 2009). A greater cycling efficiency has been associated
with higher level of performance in individuals engaged in endurance sport (Coyle, 1995). An
interesting phenomena relating to cycling cadence is that even though the most economical
cycling cadence on a stationary cycle ergometer during MICE (60-80% VOapeak) is 50-80-
rpm, trained cyclist typically adopt a cycling cadence of 90-105- rpm (Gaesser and Brooks,
1975; Horowitz et al., 1994) while untrained cyclists typically adopt the most efficient cadence
(Coast, J. R. and Welch, H. G., 1985; Ansley and Cangley, 2009). Although the specific reason
for the differences between trained and untrained cyclists has not been identified, it would
appear that the increase observed in the trained group is a product of cycling experience rather
than an intrinsic physiological or biomechanical adaptation (Marsh et al., 2000a). It has been
suggested that as trained cyclists often cycle for prolonged periods, by adopting a higher
cycling cadence, the resistance per rotation is decreased resulting in less exposure to high force
as would be the case if a lower cadence was adopted (Patterson ef al., 1983). It has also been

suggested that the lower force per pedal at the higher cadence may result in a reduced
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recruitment of both slow and fast muscle fibres therefore resulting in a glycogen sparing effect.
This theory was supported by research by Ahlquist et al (1992) who had 4 trained cyclists and
4 trained runners who also cycled regularly, cycle at 85%VOzpeak for 30 minutes at 50- rpm
and 100- rpm, and found a greater utilisation of glycogen in both type I and type II fibres at the
lower contraction rate. To date, no research has definitively found a reason for the higher
cadences in trained cyclists, however it has been suggested that it may be as a result of a number
of contributing factors (Ansley and Cangley, 2009). These findings cause difficulties with
taking results from experiments conducted on trained cyclists and applying them to untrained
populations. That said, there are numerous physiological observations made that are present in

both trained and untrained cyclists as will be detailed further in this review of literature.

2.14.4. Physiological response to manipulating cadence.

2.14.4.1. Oxygen consumption
A consistent finding in research investigating the physiological response to manipulating
cadence has been higher oxygen consumption at higher contraction frequencies. The primary
purpose of the majority of these studies has been to increase performance in trained cyclists
through identifying the most efficient cycling cadence for them to use during competitive
events. Early work by Gaesser et al (1975) had 8 well-conditioned males (VOspeak not
reported) cycle at a range of power outputs at 40-, 60-, 80- and 100- rpm and found that oxygen
consumption for any power output was higher at the higher contraction rate. Similar finding
were observed by Coast et al (1985) who had 5 trained cyclists (VOzpeak 66ml/kg/min)
complete an incremental VOaspeak test at 40-, 60-, 80-, 100- and 120- rpm and found
significantly elevated oxygen consumption at all stages except at maximal exercise. Such
results have been repeated in trained cyclists (Gotshall et al., 1996; Zoladz et al., 2000; Foss
and Hallen, 2004; Bieuzen ef al., 2007; Vercruyssen et al., 2009; Brennan et al., 2019) as well

as untrained but active populations. Research by Zorgati et al (2015) had 9 untrained
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participants (VOaxpeak 47ml/kg/min) and 9 trained cyclists (VOzpeak 63ml/kg/min) complete
cycling exercise to exhaustion at 90% VOzpeak at 40- and 100- rpm. For untrained participants
a higher oxygen consumption was observed at 100- rpm as well as a decreased time to
exhaustion, while trained participants had a higher oxygen consumption at 100- rpm but no
difference in time to exhaustion. Formenti et al (2015) also showed increased oxygen
consumption with 10 healthy non cyclists (VO,peak 48ml/kg/min) while cycling at intensities
between 30-50%PPO at cadences of 50-, 70-, 90- and 110- rpm. Similar findings were observed
by Shastri et al (2019) who had 10 sedentary but healthy males (VOzpeak 29ml/kg/min)
complete cycling exercise at 70 and 90%VO,peak at cadences 30-, 50-, 70-, 90- and 110- rpm

and found higher oxygen consumption at all cadences except 110- rpm.

2.14.4.2. Cycling efficiency
The amount of ATP produced per litre of oxygen consumed will depend on whether
carbohydrate or fat is the substrate being utilised (Consolazio and Pecora, 1963; Jonckheere et
al., 2012). As both have been shown to be oxidised during submaximal exercise, research on
cycling efficiency typically converts oxygen consumption values using standard equations into
energy expenditure (Consolazio and Pecora, 1963). They had 12 well-conditioned males
complete exercise at 40-, 60-, 80- and 100- rpm at 5 submaximal exercise intensities 0, 200,
400, 400, 800 kgm/min and calculated efficiency using the 4 commonly used calculations.
Gross efficiency is calculated by comparing energy expenditure as measured by indirect
calorimetry and the total mechanical work completed by the individual. Net efficiency = Gross
efficiency — resting energy expenditure and has been suggested as being a more accurate
representation of exercise related efficiency as it takes account for the resting energy
expenditure that would be additional to exercise related energy expenditure. Work efficiency
= Gross efficiency - energy expenditure during unloaded cycling at a given cadence and has

been suggested to account for the higher inertia generated at increased contraction rates. Delta
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efficiency = change in efficiency between two cadences when power output remained constant,
and has been suggested as the most accurate method of identifying the difference in efficiency
between two contraction rates (Gaesser and Brooks, 1975). Although each calculation has been
criticized as having artifacts relating to precise calculations across a cadence range, their use,
and subsequent interrogation must be done in the context of the research question being asked
(Hopker et al., 2013). Gross efficiency is the most basic of the calculations and due to the
methodological ease of its use is the preferred method of calculating cycling efficiency (Ansley
and Cangley, 2009; Ettema and Loras, 2009). Values typically range form 18-24% during
MICE in both trained and untrained cyclists (Marsh et al., 2000; Moseley et al., 2004). Using
gross efficiency, a J shaped increase exists between the most efficient cadence for a given
power output with cadence ranging from 50-80- rpm at power outputs from 100-300 watts
(Coast, J. Richard and Welch, Hugh G., 1985). This is an interesting finding as it suggests
trained cyclists do not cycle at the most efficient cadence, and that a training eftect has occurred
that results in them cycling at a less efficient rate during prolonged exercise. Also of interest
with this finding is that an untrained or novice cyclist will select the most efficient cadence for
a given power output, suggesting an internal mechanism that senses, and results in the
participant adapting to the power output required by changing the FCC for that level of power
output (Coast, J. Richard and Welch, Hugh G., 1985; Marsh and Martin, 1997). Manipulating
cadence above or below the most efficient rate has shown consistently that cycling efficiency
will decrease (Coast, J. Richard and Welch, Hugh G., 1985; Coast et al., 1986; Marsh and
Martin, 1997; Marsh et al., 2000) , particularly at extremes of <60- rpm or >100- rpm
(Brisswalter et al., 2000a; Zoladz et al., 2000). Many studies have used short duration (3-8
mins) and/or incremental exercise bouts (Gaesser and Brooks, 1975; Coast, J. R. and Welch,
H. G., 1985; Gotshall et al., 1996; Chavarren and Calbet, 1999; Zoladz et al., 2000; Foss and

Hallen, 2004; Hansen and Sjogaard, 2007; Vercruyssen et al., 2009; Formenti et al., 2015;
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Zorgati et al., 2015; Brennan et al., 2019) where it was possible to test range of cycling

cadences.

2.14.4.3. Hemodynamic Response
2.144.3.1. Heart Rate
The strong relationship between heart rate and VO, consumption typically observed during
exercise (Albouaini et al., 2007) is interestingly not observed when contraction frequency is
manipulated, with HR values being higher at higher and lower contraction rates above and
below the most efficient rate (Coast, J. Richard and Welch, Hugh G., 1985). Although some
studies have shown a linear relationship between HR and VO when cycling at a constant power
output but different cadences (Hagberg et al, 1981), a general consensus is that there is
curvilinear relationship with greater differences observed at submaximal levels and the
differences diminishing as VO, and heart rate approach max (Hagberg et al., 1981; Coast, &
Welch., 1985; Gotshall et al., 1996; Zoladz et al., 2000). Although clearly defined, it has not
been established why the divergence between VO, and HR occurs with increases in cycling
cadence. A study by Gotshall et al (1996) investigated this phenomena and suggested increased
efferent neural activity at higher cadences as a possible mechanism whereby the heart is
stimulated to increase its rate relative to the increased efferent activity required to activate the
working muscle. They also stated that the efferent neural activity alone would not be sufficient

to increase heart rate to the observed level and that other possible mechanisms may exist.

2.14.43.2. Blood Flow
Blood flow during exercise is a tightly regulated physiological process that delivers oxygenated
blood to the working muscle while also controlling the rate of flow of de-oxygenated blood
back to the heart (Joyner and Casey, 2015). The increased heart rate observed at increased
contraction frequencies will increase the rate of blood traveling to the working muscles. It has

been shown that each muscle contraction will transiently reduce the ability of blood to flow
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into the muscle during the contraction phase and increase it during the relaxation phase. Once
passed through the capillary bed of the muscle, the skeletal muscle pump is the primary
mechanism by which blood flow back to the heart is controlled and is a system that is confined
to the rhythmical nature of cycling exercise with higher cadences resulting in a greater muscle
pump venous return (Gotshall et al., 1996). Although findings by Takaishi et al (2002)
suggested arterial blood flow to the legs was restricted at higher cadences, and could possible
counteract any potential increase of the muscle pump venous return, it is generally accepted
that there is a greater net benefit of higher cadences in relation to blood flow and may be another
potential reason to explain the increased cadences observed in trained cyclists.
2.14.5. Muscle Recruitment
2.14.5.1. Electromyography

It is possible to measure the level of activation of individual working muscles using bipolar
surface electrodes that are able to pick up the low-level voltage change that occurs as a muscle
fibre depolarises to initiate a contraction. This method is referred to as Electromyography
(EMG) and has been a primary method of establishing the involvement, as well as the activation
level of various muscles during pedalling exercise of various cadences (Ericson et al., 1985).
Difficulties exist in interpreting EMG data as it can produce a significant amount of artefact
due to methodological and physiological differences. Methodological differences include
variations in the degree to which the preparation of skin underneath the electrode between data
collection timepoints. Additionally it is virtually impossible to ensure the exact same placement
site of electrode between data collection timepoints with additionally variation in sweat during
exercise also unavoidable. Physiological differences such as variation in fat thickness
superficial to the muscle under the electrode can also not be controlled. Collectively these
methodological and physiological differences result in variation in EMG data collection

between trials and participants. This is also compounded by differences between individuals
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in the depth and location of motor units activating the muscle (Farina et al., 2004).
Additionally, variation in the software utilised and calculations of EMG raw signal also exist
in the literature (Hug and Dorel, 2009) Given these difficulties it is not surprising that variation
exists in the literature with regard to the effect of increased contraction frequencies on EMG
data (Mater et al., 2021). That said, research has shown consistently that the total activation
level of a particular muscle, is elevated at higher contraction frequencies during short (<20
minutes) (Tetsuo ef al., 1996; Bessot et al., 2008) and long (>50 minutes) exercise (Macintosh
et al., 2000; Farina et al., 2004; Sarre and Lepers, 2005; Vercruyssen et al., 2009; Kounalakis
and Geladas, 2012; Brennan et al., 2019). Sarre et al. (2005) found a small, but significant,
increase in neuromuscular activity of the vastus lateralis when cycling at 110-rpm compared
with 50-rpm at 65%PPO for 1-hr. However, there was no difference between the 50-rpm and a
self-selected cadence of ~88-rpm indicating the difference in neural activity may not be linear.
Kounalakis & Geladas (2012) also report a greater muscle activation while cycling up to 55-
mins at 60% VOopeak at 80- vs. 40-rpm. There were no significant differences from 55- 90-
mins of exercise and this may indicate a fatigue related impact with longer duration bouts of
exercise. Muscle activation has also been shown to have a greater upward drift at cadences
+20% FCC suggesting an increased impairment of the muscles ability to produce force
resulting in additional motor units being recruited to maintain the power output (Taylor and
Gandevia, 2008). In summary, although variation exists in the literature, the predominant
finding is that there is a J shaped curve in EMG data as contraction rates increase (Mater ef al.,
2021)

The mean power frequency (MPF) of the raw EMG has been shown to reflect the action
potential velocity in motor units (Hagg, 1992), and considering the action potential velocity is
higher in fast motor units, an increase in MPF has been suggested to show an increase in the

recruitment of fast motor units (Borrani ef al., 2001; Sarre and Lepers, 2005). However,
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research investigating the effect of contraction frequency on MPF has not been consistent.
Kounalakis & Geladas (2012) found a greater median frequency in the vastus lateralis when
cycling at 40- vs. 80- rpm but neither Sarre et al (2005) nor Vercruyssen et al (2009) reported
differences at 50- vs. 110-rpm. However, like most studies, the participants were highly trained
cyclists and this may explain differences in the findings. Although MPF is a common
calculation in EMG analysis, it is important to note that it is not the most reliable method of
calculating the action potential velocity during dynamic exercise such as cycling (Farina et al.,

2004)

2.14.6. Fibre Type Recruitment
An increase in oxygen consumption, a decrease in efficiency and an increase in EMG activity
has been shown to take place as a result of exercising at a cadence above the FCC. An increased
recruitment of type Il muscle fibres at higher cadences has been suggested as a possible
contributor to the changes observed. Due to the invasive nature of muscle biopsies, a number
of studies that have suggested a fibre type shift have drawn this conclusion from observations
made during non-invasive experiments such as those that utilise isokinetic dynamometry or
EMG spectrum analysis. Lepers et al (2001) recorded maximal isometric and concentric knee
extension torque’s before and after 30 minutes of continuous cycling at 80% PPO at FCC-20%,
FCC and FCC+20% which calculated as 69-, 86- and 103- rpm respectively however, no effect
of cadence was present on changes in the maximal torque post cycling. Sarre et al (2005)
showed that the maximal voluntary contraction (MVC) of the knee extensor muscles was
decreased after 30 minutes of continuous exercise at 65% PPO at FCC-43% and FCC+25%
equating to 50- and 110- rpm respectively. This later study suggests an increase of at least 25%
is required to invoke a difference in recruitment patterns during steady state exercise; however,
both studies were performed on well-trained cyclists. As previously mentioned, the MPF of an

EMG signal has been shown to reflect the action potential velocity in motor units (Hagg, 1992)
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and has been suggested as a possible measurement of changes in fibre type recruitment based
on the slower and faster action potential velocity observed in type I and type I fibres. Borrani
et al (2001) identified a significant increase in MPF of the vastus lateralis of well-trained
runners during prolonged exercise that corresponded with the VO, slow component and
suggested that this may be evidence of an increase in type II fibre recruitment as type I fibres
become fatigued. Komi et al (2000) found higher MPF at higher contraction velocities when
comparing elbow flexion at various speeds and inferred the use of MPF as a marker of the
recruitment of type II fibres. Scheuermann et al (2001) found no change in MPF of the vastus
lateralis when comparing moderate intensity to high intensity cycling at a fixed cadence close
to FCC, suggesting that fibre type changes observed through MPF are only evident when the
velocity of the contraction/cadence is increased. Osbourne et al (2006) compared cycling at
70% PPO in a control and type I muscle fibre depleted state achieved through 140 minutes of
low intensity cycling followed by a dietary fast until the exercise trial the following day. They
found MPF was significantly higher during heavy exercise when type I fibres were depleted
suggesting MPF can be used to measure the activation of type II fibres during cycling exercise.
Sarre et al (2005) showed the MPF of the vastus lateralis was significantly higher at FCC and
+25% FCC as well as increasing over 60 minutes of 65% PPO at both these cadences, however
it should be noted that MPF decreased at -43% FCC as well as not following the same pattern
in several other leg muscles involved in generating force during cycling. Collectively these
studies have been used to suggest MPF as a valid marker of fibre type recruitment as well as
being suggestive of a fibre type recruitment shift from slow type I to fast type II fibres at higher

contraction frequencies.

Few studies have employed the muscle biopsy technique to investigate the recruitment pattern
of muscle fibres during cycling exercise of varying cadences, but those that have, have not been

consistent in their findings. One of the first comprehensive assessments of fibre type
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recruitment and cadence using the biopsy technique was Gollnick et al (1974) who performed
muscle biopsies during continuous exercise at 31, 64 and 84%VO, peak at 30-, 60-, 80- and
120- rpm. They found no significant effect of cadence on glycogen use in the two distinct fibre
types, however, their method of visually rating glycogen use has since been criticised as being
too subjective and not sensitive enough to possible subtle changes (Vollestad et al., 1984).
Subsequent research by Ahlquist et al (1992) found a greater decrease in type Il muscle fibre
glycogen content following 30 minutes cycling at 50- vs. 100- rpm. There was no significant
difference in the depletion of type I fibres leading the authors to conclude that the greater force
production at the lower cadence led to a greater recruitment of type II fibres. However, it should
be noted that participants in this study were exercising at 85% VOopeak for the 30 minutes, an
intensity that previous research would suggest a cadence above 100 rpm would have been
required to observe possible type II fibre recruitment (Coast, J. Richard and Welch, Hugh G.,
1985). Altenburg et al (2007) showed that non-cyclist who cycled for 45 minutes at 75% VO
peak at 90- rpm recruited both type I and type II fibres evenly throughout the 45 minutes of
exercise. In similar conclusions from the results to Vellestad et al (1984), they suggested that
this finding was divergent from previous findings which suggested that type I were recruited
first then and type II additional recruited as the type I fibres fatigued. They further suggested
that previous research using the Periodic Acid Schiff stain method to identify fibre type
recruitment, although useful, was not as sensitive as the PCr/Cr ratio method they used.
Although significant research exists to suggest a possible fibre type shift at higher contraction
frequencies that may explain the observed increases in oxygen consumption, heart rate and
decreased efficiency, further research is required to concisely identify the role fibre type may
play. It is worth noting to the best of our knowledge that no research since Ahlquist et al (1992)
has sought to investigate, in a similar fashion, the role of fibre type may play in contraction

frequencies even with the advance in optical density techniques.
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2.15. Post exercise response

The beneficial effects of exercise training are as a result of frequent repeated exposure to
exercise which act as a potent stimulus for beneficial adaptive changes across multiple systems
in the human body (Coffey and Hawley, 2007; Egan and Zierath, 2013). This longer term
adaptive response as a result of the repeated stress of exercise is highly variable and involves
a vast array of cellular and molecular changes across the human body that are not fully
understood (Zierath and Wallberg-Henriksson, 2015). Many of the adaptive benefits of regular
physical activity that reduce the risk of diseases also have an acute benefit that can be observed
in the hours following a given exercise bout. However, variation exists in the literature with
some studies suggesting SIE may result in similar changes to energy expenditure, substrate

utilisation and insulin sensitivity in the 0-24 hours post exercise (Moniz et al., 2020).

2.16. Excess Post Exercise oxygen consumption (EPOC)

Excess post exercise oxygen consumption (EPOC) is the increased oxygen consumption, when
compared to pre-exercise resting levels, that can be observed after an exercise bout of sufficient
duration and intensity (Moniz et al., 2020). Both the duration and the intensity of an exercise
bout will influence the magnitude and duration of EPOC (Bersheim and Bahr, 2003). Although
increased oxygen consumption in itself is not considered beneficial, it is accepted as a marker

of the level of recovery necessary from a given bout of exercise.

Studies that have compared the effects of MICE, HIE and SIE on EPOC have produced varying
results with similar (Malatesta ez al., 2009) and sometimes greater (Tucker et al., 2016) EPOC
as a result of HIE and SIE compared to MICE. Malatesta et al (2009) had 12 recreationally
active (VOzpeak 52ml/kg/min) male non cyclist complete MICE cycling
(60mins@60%VOspeak) and HIE cycling (60sec@80%Wmax active recovery
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60sec@40%Wmax) with the work between MICE and HIE matched for the mechanical work
performed during the MICE bout. They found no significant difference between trials in EPOC
measured up to 3 hours post exercise. Contrastingly, Matsuo et al (2012) had 10 recreationally
active males (VOapeak 52 ml/kg/min) complete MICE (40mins@65%VOapeak), HIE
(3x3mins@90%VOspeak  2mins  active  recovery  50%VOspeak) and  SIE
(7x30sec@120%VOspeak 15sec rest) cycling exercise. They found no difference in EPOC
between MICE and HIE but significantly greater EPOC following SIE in the 3 hours post
exercise period. These findings were replicated by Tucker et al (2016) who had 10
recreationally active males (VOzpeak 46 ml/kg/min) complete MICE (30mins@80%HRmax),
HIE (4x4min@95%HRmax 3mins recovery) and SIE (6x30secwingate 4mins active
recovery@60%HRmax). They found that EPOC was significantly higher in the 3 hours post
exercise following SIE when compared to both MICE and HIE conditions. Divergent findings
between studies is not uncommon, however the differences in HIE protocols appear to explain
the differences between research studies (Moniz et al., 2020). A consistent finding in the
literature relates to research that suggests SIE, when compared to HIE and MICE, produces
significantly higher EPOC in the first hour post exercise (Moniz et al., 2020). These results are
considered particularly interesting due to the relatively short time spent exercising, be it at
greater exercise intensities. Williams et al (2013) had 18 recreationally active (VOapeak
41ml/kg/min) males complete MICE (60mins@65%VO,peak) and SIE (4x30sec wingate
(7.5%bw-kg) 4.5mins active recovery). When recordings were analysed in 15-minute periods
only significantly increased EPOC as a result of SIE was observed in the first 30-minutes post
exercise. The physiological mechanisms that explain EPOC post exercise are well understood
and described and ultimately relate to the body’s restoration of resting levels ATP, PCr, ph,
temperature, circulation and ventilation (Laforgia et al., 2006). This process is often called the

“fast component” of recovery, as many of these variables return to baseline within 1- hour of
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exercise cessation. It is suggested that similar mechanisms are responsible for the significantly

greater EPOC relating to SIE, however further work is required to understand this phenomenon.

Compared to 1-3 hours post exercise and the so-called fast component, less is understood about
the effects of MICE, HIE and SIE on metabolism up to 24-hour post exercise often called the
“slow component” of recovery. However, although relatively small when compared to the 1-
hour post exercise phase, in rare cases EPOC can still be present up to 24 hours post exercise.
Greer et al (2015) had 10 recreationally active (VOzpeak 35ml/kg/min) males perform
continuous cycling exercise (43mins@40%VOzpeak) and SIE (10x30sec@90%VOzpeak
3mins recovery) and measured EPOC at 12 and 22 hours post exercise. They found
significantly greater EPOC at both timepoints following the SIE trial when compared to the
MICE trial, however it should be noted that the participants were classed as low to moderate
fitness as well the low intensity of the continuous exercise trial may contribute to the
significance of the results. However, Hazell et al (2012) had 8 recreationally active (VOzpeak
53ml/kg/min) perform MICE (30mins@70% YV Ozpeak) and SIE (4x30sec wingate (10%bw-kg)
4mins active recovery) and did not find a significant difference in EPOC at any time point over
a 24 hour period post exercise. Skelly et al (2014) also found no significant difference in EPOC
when comparing MICE (50mins@70%HRmax) and SIE (10x60sec@90%HRmax 60sec active
recovery) in 8 recreationally active men (VOpeak 46 ml/kg/min). Although no significant
difference was noted it was of interest that SIE produced similar EPOC although requiring
significantly less time exercising to achieve this (20-mins VS 50-mins active exercise). Given
that many physiological variables are elevated as a result of exercise (body temperature, blood
lactate, blood pH) have returned to baseline, or near baseline levels 1- hour post exercise, it is
unlikely that they play a significant role in the EPOC up to 24 hours post exercise (Laforgia et

al., 2006). Instead EPOC relating to SIE over a 24-hour period is thought to relate to cellular

-83 -



related processes whose homeostasis is disrupted to a greater degree by interval exercise when

compared to MICE (Moniz et al., 2020).

Collectively the inconsistent reporting of elevated EPOC as result of HIE and SIE when
compared to MICE may be as a result of differences in protocol. However, studies that have
used the same protocol also have not been consistent with some studies reporting greater EPOC
when compared to MICE in the 0-3 hours period (Malatesta et al., 2009) while others reported
no difference (Tucker et al., 2016). A consistent finding that is generally accepted in the
literature relates the to the elevated EPOC observed in the initial hours (0-3) post exercise from
SIE when compared to MICE (Laforgia et al., 2006; Matsuo et al., 2012; Townsend et al.,

2013; Skelly et al., 2014; Tucker et al., 2016) .

2.17. Substrate utilisation post exercise

Exercise increases energy expenditure with both the intensity and duration influencing the rate
of energy expenditure as well as the relative contribution of fat and carbohydrate oxidation to
meet the energy demands of a bout of exercise (Van Loon, L. J. ef al., 2001). The influence of
exercise intensity and duration on acute post exercise substrate utilisation are well studied with
clear evidence that a single bout of exercise can alter substrate utilisation when compared to

pre-exercise (Bersheim and Bahr, 2003).

2.18. Carbohydrate

Exercise has been shown to be a powerful modulator of carbohydrate metabolism in the hours
post exercise. Ivy et al (1988) had 12 recreationally active males who cycled regularly
(VOapeak 60ml/kg/min) perform MICE (70mins@70%VO,peak) interspersed with HIE
(6x2min@88%VOzpeak) with the protocol aimed at depleting glycogen levels. They found
that a carbohydrate drink (2g/kg body wt) provided immediately post exercise resulted in
increased glycogen restoration when compared to the same drink provided at 2-hours post
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exercise. This suggests that the impact of exercise on glycogen resynthesis is time dependent,
with the highest levels of glycogen resynthesis possible immediately post exercise and
diminishing as time extends. However, although diminished, the findings from Mikines et al
(1988) suggest increased glycogen synthase activity up to 48 hours post exercise. They had 7
untrained but active men (VOpeak 44 ml/kg/min) perform MICE (60mins@64%VO,peak)
with muscle biopsies performed immediately and 48-hours post exercise. They found that
although glycogen synthase activity was highest immediately post exercise it was still elevated
when compared to a rest trial where no exercise was performed. The observed increase in
glycogen resynthesis post exercise is directly determined by the reduction in glycogen that
occurred during the exercise bout, which as previously described is related to the intensity and
duration of the exercise undertaken (Hawley et al., 2015). Although glucose uptake by skeletal
muscle is increased post exercise, oxidation rates have been shown to be decreased (Borsheim
and Bahr, 2003), highlighting that the restoration of glycogen is prioritised in the post exercise

period as will be discussed in greater detail below.

2.19. Insulin sensitivity

The action of insulin increases the uptake of glucose from the blood stream by skeletal muscle,
inhibits the release of glucose from the liver and inhibits the release of FFA from adipose tissue
(Kraemer et al., 2002). The glucose insulin clamp technique, first developed by Defronzo et al
(1979), is considered the gold standard of measuring insulin and glucose metabolism
(Muniyappa et al., 2008). The hyperglycemic euinsulinemic clamp technique acutely raises
and maintains the elevated plasma glucose levels in order to assess beta cell sensitivity to
glucose as well as measuring the amount of glucose metabolised following a hyperglycemic
stimulus. The euglycemic hyperinsulinemic clamp acutely raises insulin levels and controls
glucose levels by adjusting the infusion rate in order to test the whole body tissue sensitivity to

insulin (Defronzo et al., 1979). The sensitivity of the clamp technique has allowed for detailed
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investigations into how both MICE, HIE and SIE exercise can modulate insulin and thus
carbohydrate metabolism post exercise. However, it is a highly invasive, costly and time-
consuming technique which has resulted in the development of less invasive methods of
calculating insulin sensitivity, which have been validated against the clamp technique, and
allow for the indirect measure of insulin sensitivity. These include but are not limited to the
homeostatic model assessment of insulin resistance (HOMA IR) which can be calculated from
a glucose and insulin value obtained from a fasting blood sample as well as the glucose and
insulin response in the 2 hours following a known oral load of glucose or oral glucose tolerance

test (OGTT) (Mann et al., 2014).

Research utilising the various methods of measuring insulin sensitivity have consistently found
that exercise can increase insulin sensitivity (Mann ef al., 2014). Richter et al (1989) had 6
healthy males perform 60-minutes of continuous single leg extension exercise and utilising the
clamp technique showed evidence of increased insulin sensitivity in the exercised leg. Mikines
et al (1988) utilised the clamp technique and demonstrated that a single bout of MICE exercise
(60mins@64%VOspeak) increased insulin sensitivity up to 48-hours post exercise in 7
untrained but active men (VOopeak 44 ml/kg/min). Magkos et al (2008) demonstrated that the
energy expenditure of a given bout of MICE had a direct effect on the level of insulin sensitivity
observed 24-hours post exercise. They had 48 recreationally active untrained males (VOzpeak
42ml/kg/min) perform MICE (30-120mins@60% YV O,peak) and measured fasting glucose and
insulin levels 24-hours later. They found a significant negative correlation between energy
expenditure during the exercise bout and HOMA IR. Such findings suggest energy expenditure
to be the key determinant of the magnitude of change in insulin sensitivity. However, research
that has controlled for energy expenditure has found that higher intensity exercise increases the
insulin sensitivity to a larger degree then lower intensity exercise. Kang et al (1996) found that

14 consecutive days of performing cycling exercise (50mins@70%VOzpeak) increased insulin
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sensitivity to a greater degree than the same energy matched exercise at a lower intensity
(70mins@50%VOzpeak) suggesting that the intensity at which exercise is performed will also

influence the degree of insulin sensitivity observed.

Exercise at intensities <80%VOapeak result in a greater glycogen utilisation then exercise
performed at lower intensities (Van Loon, L. J. ef al., 2001). The increase in insulin sensitivity
post exercise has been strongly correlated with a decrease in glycogen levels. Bogardus et al
(1983) had 13 recreationally active males (no VOapeak recorded) perform HIE (2mins@80-
90%HRmax 3mins rest) until exhaustion. They performed a hyperinsulinemic euglycemic
clamp 12-hours later and found a significant increase in insulin sensitivity that correlated with
glycogen synthase activity. Although this acute effect is similar to MICE as previously stated,
this was in exhaustive exercise consisting of on average 9 sets of 2-minute intervals that
resulted in a 40% reduction in glycogen. When using more traditional protocols that are not
exhaustive, as little as 2-weeks of HIT has been shown to be an effective means of increasing
insulin sensitivity with studies utilising SIT exercise suggesting potentially superior increases
in insulin sensitivity when comparing SIT to MICT. Hovanloo et al (2013) had 8 recreationally
active males (VOypeak 34ml/kg/min) perform 6 SIE (5x30sec@7.5%bw-kg) or 6 MICE
(105mins@65%VO2peak) over 2-weeks and found a greater increase in insulin sensitivity as
measured by HOMA IR following SIT. However, Cocks et al (2013) who had 16 recreationally
active males (VOpeak 42ml/kg/min) perform MICE (60mins@65%VOzpeak) or SIE
(30sec@7.5% bw-kg) for 6-weeks did not find a significant difference between training
methods, suggesting the benefits of MICE on insulin sensitivity are manifested over a longer
period of time then the initial increase as shown by Hovanloo et al (2013). However, Richards
et al (2010) demonstrated that a single bout of SIE (4x30sec wingate (7.5%bwkg)) did not
induce increased insulin sensitivity 24-hours post exercise while 6 SIE sessions (4-

7X30sec(7.5%bwkg)) over 2-weeks was sufficient to increase insulin sensitivity 72-hours post
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the final exercise bout. Such studies highlight that beneficial increases in insulin sensitivity can
be gained even with significantly less time spent in active exercise. A meta-analysis by
Jelleyman et al (2015) described how similar, if not slightly greater increases in insulin
sensitivity can be made in healthy individuals from HIT when compared to MICE, particularly

when supramaximal SIT style exercise is used.

Insulin sensitivity has been inversely associated with IMTG in inactive individuals (Pan ef al.,
1995), and the IMTG lowering effect of MICE has been suggested as a possible mechanism
for increased insulin sensitivity post MICE (Cartee, 2015). Interestingly the opposite can be
observed in well trained endurance athletes who have been found to have increased levels of
IMTG while also having increased insulin sensitivity (Amati ef al., 2011). As increased insulin
sensitivity is positively associated with the level of glycogen depletion that a given bout of
exercise induced (Bogardus er al., 1983). The predominant reliance on anaerobic pathways,
and therefore glycogen utilisation, observed during HIE and SIE (Gibala and Little, 2020), is
thought be the primary pathways by which insulin sensitivity is increased in the acute post

exercise period (Cartee, 2015).

2.20. Fat Metabolism

The effect of exercise on fat substrate utilisation post exercise is well studied, with a large body
of literature existing on the topic (Lundsgaard et al., 2020). It is well accepted that post
exercise, the relative contribution of fat oxidation to whole body energy expenditure is
increased with a corresponding decrease in relative carbohydrate oxidation rates (Gaesser and
Brooks, 1984). Increased fat oxidation is classically measured by a decreased respiratory
exchange ratio (RER) (ratio of carbon dioxide production to oxygen consumption) determined
by indirect calorimetry and can be present for a number of hours post exercise. In a study by

Henderson et al (2007) had 10 recreationally active males (VO2peak 56ml/kg/min) perform
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MICE (60mins@65%VOzpeak) and found a significantly decreased RER 24-hours post the
exercise bout when compared to no exercise (0.78 vs 0.86). However, not all findings are in
agreement. Melanson et al (2002) had 8 recreationally active males (VOzpeak 45ml/kg/min)
perform MICE (400kcal@70%VOapeak) and did not find an increase in fat oxidation in 24-
hours post exercise. Such a finding that would be in contradiction to the majority of scientific
literature may possibly be explained by methodological issues such as the use of a whole room
indirect calorimetry which may not be sensitive enough for subtle changes in RER. HIE has
also been shown to increase fat oxidation rates in the 24-hours post exercise. Greer et al (2015)
had 10 recreationally active men (VOpeak 35ml/kg/min) perform HIE
(9x30sec@90%VO,peak) and found a significantly decreased RER 24-hours post exercise
when compared to no exercise demonstrating increased fat utilisation. The increase in fat
oxidation in skeletal muscle during the recovery period post exercise has been shown to be
regulated at several steps within muscle and ultimately allows for the increase in glucose uptake
to be directed towards the resynthesis of muscle glycogen rather than being oxidised for energy
(Gaesser and Brooks, 1984). Ultimately, the post exercise response to a given bout of exercise
will be dependent on the intensity and duration of the exercise bout with the response
predominantly associated with restoring the physiological equilibrium that existed pre-

exercise.

2.21. Conclusions

It is clear from the literature that exercise has the capacity to significantly alter metabolism,
with both the intensity and duration of the exercise itself being central to the metabolic response
that can be observed (Bergman and Brooks, 1999; Van Loon, L. J. C. et al., 2001). Not only
does exercise lead to significant perturbations in metabolism during exercise itself, but it is also

evident that variation away from the metabolic baseline can be observed in the hours following
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exercise (Moniz et al., 2020). Although interval exercise has long been a staple of athletic
training programs, the interest in this form of exercise, particularly that of a supramaximal
nature, has found a resurgence in recent years, with the time saving benefits of this form of
exercise, attractive to the time strapped general public. Although SIE has been shown to
provide similar, and potentially greater benefits when compared to MICE when used as part of
an exercise training program (Gibala and Little, 2020), questions remain in relation to the acute
response when comparing these forms of exercise. From reviewing the literature, it is
particularly evident that agreement does not exist when comparing SIE and MICE and their
effect on energy expenditure, glucose metabolism and insulin sensitivity in the 0-24 hours post

an exercise bout.

Altering contraction frequency as a means of altering exercise intensity is a relatively
understudied area when compared to altering force, and the literature generally focuses on
improving cycling performance of well-trained cyclists (Ansley and Cangley, 2009). However,
an interesting yet unexplained phenomenon that appears to be present in both trained and
untrained cyclists is related to increased oxygen consumption at a fixed power output when
cycling at a high versus low cadence. Although a number of potential reasons for the
observation have been suggested, it is still unclear as to why this occurs. It has been suggested
that additionally type II fibre recruitment at the higher cadence may explain this increase,
however the limited studies that have been performed hare not in agreement with some finding
no difference in fibre type recruitment patterns (Gollnick et al., 1974; Altenburg et al., 2007)
and others finding greater type Il recruitment at lower rather than higher cadences (Ahlquist et
al., 1992). From reviewing the literature, it is clear that further work is required to provide

additional evidence related to cadence-dependant fibre type recruitment in non-cyclists
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3. Chapter III Experiment I

The effect of SIE and MICE on energy expenditure and glucose metabolism
during, post (0-60 mins) and 24-hours post exercise.
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Preface

As highlighted in the literature review, controversies exist relating to acute metabolic response
to exercise of different intensities. Experiment I sought to create high quality data to investigate

this area of exercise physiology.

3.1. Introduction

Previous research has suggested that SIT can produce similar (Gibala et al., 2006) if not
superior (Helgerud et al., 2007) increases in VOzpeak when compared to traditional MICT.
This has created renewed interest in the effect of altering exercise intensity, as such results are
intriguing considering that significantly less time is spent in performing SIE. The impact of a
single bout of SIE when compared to MICE is relatively less studied, with variation in the
literature relating to the acute metabolic effect of SIE when compared to MICE (Sloth et al.,
2013). Some evidence suggests SIE may induce greater EPOC and fat oxidation in the hours
post exercise (Tucker et al., 2016) while others do not (Malatesta et al., 2009). Additionally it
has been suggested SIE will result in increased insulin sensitivity when compared to MICE
(Jelleyman et al., 2015), while others found no difference (Richards et al., 2010). Due to this
variation this study was designed to investigate the impact of SIE versus MICE on the acute

metabolic response (0-24 hours) to a bout of this form of exercise.

3.2. Overview of experimental design

This study was a randomised control crossover study with 3 experimental conditions. Each
condition required the participants to attend the laboratory on 2 consecutive days with at least
10 days wash out period between each condition. On the first day of each condition, participants
were randomised to perform MICE (60mins@60% VOapeak), SIE (7x30seconds@130%PPO),

or no exercise (control). The following day consisted of a resting metabolic rate test followed
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by two muscle biopsies of the vastus lateralis pre and post a euglycemic hyperinsulinemic

clamp.

3.3. Methodology

The study received ethical approval from the Dublin City University Research Ethics
Committee (appendix 1). Participants were recruited for the study via a University wide email
sent to all undergraduate and postgraduate student distribution lists in Dublin City University
(DCU). Those who expressed interest in taking part in the study were sent a plain language
statement of what the study involved, and those who still wished to partake were asked to sign
an informed consent. Participants were screened using a general health questionnaire and
undertook an electrocardiogram to ensure it was safe for them to partake in the study. All
participants partook in recreational level physical activity 2-3 times per week. Sixteen healthy
males were included to take part in the study, however 4 participants did not wish to continue
due to difficulties with repeating the biopsy procedure. Twelve young males completed an
incremental cycling exercise test to exhaustion before partaking in the randomised crossover

trial (Table 3-1).

3.3.1. Dual energy x-ray absorptiometry (DEXA) scan

Body fat levels were determined by a DEXA scan (DEXA, Stratos, DMS Imaging, France).
Briefly, this scan takes approximately 10 minutes with the subject lying on a bench. Two x-
rays with high and low photon energies are emitted and the measurable variation in the
attenuation of the x-rays is caused by the variation in the density and chemical composition of
fat, bone and lean tissue. The radiation exposure is low; 1.0-3.6 uSv. The level of radiation of
a regular chest X-Ray, is approximately 100 uSv. The software will calculate fat mass, fat free
mass as well as bone mass for each participant. The percentage fat is presented along with the

other physical characteristics in Table 3-1.
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Table 3-1: Summary of Physical Characteristics

Age (yrs) 22.1£3.5
Height (m) 183.6+6.9
Body mass (kg) 81.4+8.1
BMI (kgm?) 24+1.6
Body fat (%) 15.3+1.9
VOspeak (mLkg''min™) 48.3£3.7
Peak power output (Watts) 306+44

Data presented as mean + standard deviation.

3.3.2. VO, Peak Test

The incremental tests were performed on an electronically braked cycle ergometer (E100 P/K
COSMED Srl, Middlesex, UK) with the test starting at 70 W and increasing by 30 W every 3-
mins until exhaustion. VOspeak was determined by indirect calorimetry using a breath-by-
breath metabolic system (Quark CPET, Cosmed Srl, Rome, Italy). The metabolic system was
calibrated following the manufacturers guidelines within 10 minutes of the initiation of the
exercise test. Briefly, a flow loop calibration was performed using a 3 liter syringe in order to
calibrate the flow sensor for rate and volume of air flow during the test. A air and gas calibration
was performed using a reference tank of known gas percentage. Heart rate was recorded
throughout using a Garmin HR Bluetooth Chest Strap (Garmin Ltd, Southampton, UK). Rate
of perceived exertion (RPE) was recorded at the end of each 3-minute stage. A test was deemed
maximal if three of the following criteria were satisfied: (i) volitional exhaustion by being

unable to maintain a cycling cadence above 60-rpm; (ii) a levelling off in oxygen consumption
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(<200ml.min-1) with increasing workload; (iii) a respiratory exchange ratio >1.1; (iv) an RPE

>18. PPO was calculated with the following equation (American College of Sports, 2013).

PPO = P+(T/(SL x W)) (Equation 1)

where P is the power output from the last 3-min stage that was fully completed; T is the time
in seconds completed in the stage when exhaustion occurred; SL is the duration of each stage

in seconds and W is the increment in Watts for each stage (Lutttikohlt et al., 2006).

3.3.3. Physical activity and Dietary Control

Participants were asked to refrain from intense exercise 72-hours before each trial and any
exercise 48-hours before each trial. Participants were also asked to refrain from caffeine or
alcohol for 24-hours before each trial. Participants were asked to maintain a similar sleep
routine the night before each trial. Participants were asked to complete a food diary for the day
before the first trial and to repeat this the day before subsequent trials. Participants were also
asked to record a food diary after leaving the lab following the day of each condition and to

repeat this for the subsequent conditions.

3.3.4. Dayl

Participants were asked to attend the laboratory for 7am following an overnight fast and a non-
active commute to DCU. Participants height and body mass were taken before lying in a bed

to rest for an hour.

3.3.5. Resting Metabolic Rate (RMR)

The metabolic system was calibrated following the manufacturers guidelines within 10 minutes
of the initiation of the resting metabolic rate test. A plastic canopy was placed over their head
while they remained in a lying position. The canopy consisted of an inlet valve that allowed
room air to enter the canopy while an outlet valve was connected to the metabolic analyser
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(Quark RMR, Cosmed Srl, Rome, Italy) via a plastic tube. The tube allowed the analyser to
draw fresh air into the canopy while extracting the expired air within the canopy to be analysed.
The Quark metabolic cart analysed the expired air for oxygen and carbon dioxide and
calculated how much oxygen is consumed and carbon dioxide is produced by the participant at
rest. These values were then used to calculate energy expenditure and substrate utilisation using

an equation (Consolazio, 1963) (see section 3.3.14 below).

3.3.6. Continuous Glucose monitoring (CGM)

Following the RMR, a CGM sensor probe (DEXCOM with G4 Platinum Sensor, DEXCOM,
San Diago, CA, USA) was inserted into the subcutaneous fat tissue on the abdomen of each
participant (see figure 3-1). Once inserted, the CGM recorded interstitial fluid glucose
concentrations every S5-minutes until the device was removed at the end of the clamp the
following day (worn for 26-28 hours). Following the initial calibration when the device was
turned on, the DEXCOM was calibrated every 4-hours to capillary blood glucose levels
collected following a finger stick and measured on a portable handheld glucometer
(OneTouch® Vita™ Blood Glucose Monitoring System, LifeScan, Inc., Milpitas, CA). While
the participant was in the lab, the DEXCOM was calibrated by research personnel. Each
participant was given verbal and written instructions on how to calibrate the DEXCOM while
at home. The data was downloaded from the DEXCOM following each trial and stored for later

analysis.
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Figure 3-1 Image of CGM probe and recording device.

3.3.7. Blood draw

A cannula was inserted in an antecubital fossa vein from which blood samples were to be taken,
pre, post and 1-hour post exercise. Serum samples were left to sit at room temperature for 20-
minutes before being centrifuged. Samples containing EDTA and fluoride were centrifuged
directly after being drawn. Both serum and plasma samples were aliquoted before being stored
at -80C. The cannula was removed before participants left the laboratory on the first day and a
new one was inserted the following morning following the RMR. On the first day, a blood

sample was taken before participants warmed up at 40% VOapeak for 10-minutes.

3.3.8. Experimental Conditions

For the MICE trial, participants cycled @60%VO,peak for 60-minutes while maintaining a
contraction frequency of 70-80rpm (Figure 3-1). For the SIE trial, participants completed 7x30-
sec@130%PPO while not exceeding 130-rpm with 4.5 minutes rest between intervals (Figure
3-2). Oxygen consumption and carbon dioxide production was determined by indirect
calorimetry using a breath-by-breath metabolic system (Quark CPET, Cosmed Srl, Rome,

Italy). During the MICE trial, calorimetry was recorded at 6-18, 20-32, 34-46 and 48-60
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minutes during the trial. A gas calibration was performed during the break periods to increase
the accuracy of the metabolic analyser. During the SIE trial, calorimetry was recorded
throughout. During the MICE trial, the rate of perceived exertion RPE was recorded at 10-
minute intervals while for the SIE trial it was collected after each interval. A blood sample was
collected immediately post exercise and 1-hour post exercise. Once the exercise was complete,
participants were asked to return to lying in the bed where another RMR test was conducted.
Participants left the laboratory following the RMR with all instructions needed until the

following morning.

60 minutes Rest 60 minutes Exercise 60 minutes recovery
) \ /_Aﬁ
[ | [ \
60%VO0,peak
20 min 6 min 6 min 6 min 6 min 20 min 20 min

l 10 ml Blood Calorimetry I I

Figure 3-2 Schematic representation of MICE exercise trial

REST EXERCISE RECOVERY
A A S S
f ki \ [ )
135 % PPO
20 min 5 min 5 min 5 min 5min 20 min 20 min

0,5 0,5 0,5 0,5 0,5 0,5 0,5
||45| ||4J || 44 “44 ||4J ||4J ||4J
l 10 ml Blood Calorimetry I I

Figure 3-3 Schematic representation of SIE trial
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3.3.9. Day?2

On the following morning, participants attended the laboratory following an overnight fast and
an inactive commute to the University, replicating the previous morning. Their height and body
mass were recorded before a RMR test was performed, after which a cannula was inserted, and

a blood sample taken.

3.3.10. Muscle Biopsy

A muscle biopsy was taken from the vastus lateralis by experienced medically trained
personnel using a percutaneous muscle biopsy needle (Bergstrom, 1962). The site of the biopsy
was marked as being 2/3rds of the way down the midline ranging from the anterior spina illicia,
superior to the lateral side of the patella and in the belly of the muscle. Once identified the site
was cleaned with antiseptic solution (Videne) and alcohol. The site was then anaesthetised with
1% Lidocaine hydrochloride (Braun, Melsungen AG). The lidocaine was allowed time to act
(5-minutes) after which a small (0.5-1cm) incision was made with a scalpel after which a biopsy
needle was used to remove small pieces (100-200 mg) of muscle. The tissue was dabbed with
non fibre gauze to remove blood before being snap frozen. Once sufficient muscle was

obtained, the incision was closed using steri-strips and a compression bandage applied.

3.3.11. Euglycemic Hyperinsulinemic Clamp

Following the biopsy, a 20-minute period elapsed where 3 blood samples were taken at 0-, 10-
and 20-minutes. During this period, a polyethylene dual port cannula was placed in the
antecubital vein of the left arm through which glucose and insulin could be infused. A second
cannula was placed in a vein on the back of the right hand in a retrograde fashion. The right
hand was placed in a warm glove and heated to 55°C. A 5ml blood sample was taken at -30, -
20 and -10 minutes before the start of the clamp. To commence the clamp, insulin infusion

began at 45 ml/h and reduced every minute for the first 10-minutes to reach a rate of 15ml/h,
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after which it did not change. The glucose infusion rate was changed during the next 120-
minutes depending on the participant’s blood serum glucose levels, which were monitored
every 5-minutes. During the last 20-minute period of the clamp, blood draws were made in
similar fashion to the 20-minutes before the start of the clamp. Once the clamp had finished, a
second muscle biopsy was performed on the opposite leg to the first, after which the participant
received a meal and was monitored for the subsequent hours to ensure non-adverse effects
occurred as a result of the insulin infusion or muscle biopsies. An image depicting a participant
during a clamp procedure can be seen in figure 3-4. A schematic of the clamp technique and

measure time points mentioned can be viewed in figure 3-5.

3 mlBlood 10 mlBlood Dialysat Calorimetry  Muscle Biopsy

Figure 3-5 Schematic of euglycemic hyperinsulinemic clamp.
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3.3.12. Glucose analysis

Serum glucose was measured using an automated analyser (YSI2300 Stat Plus, Yellow Springs

Instruments, Ohio, USA)

3.3.13. Insulin analysis

Serum insulin was quantified using an immunoassay method on the Cobas R 8000 modular

analyser (module €602, Roche Diagnostics, Indianapolis, USA).

3.3.14. Glycogen analysis

Muscle glycogen levels were determined in 10mg (wet weight) homogenised in water using a
mechanical handheld homogeniser which mixed the sample for approximately 15-seconds. The
homogenizer was washed between samples first in ethanol followed by cold water to avoid
overheating of the device tip. The samples were then boiled for S-minutes at 100C in a water
bath followed by centrifugation at 13,000 x g to remove insoluble material. The supernatant
was then extracted, and glycogen was measured using an endpoint colorimetric assay (Cat#

MAKO16: Sigma Aldrich, St Louis, MO, USA).

3.3.15. Data Analysis

Energy expenditure: The rate of energy expenditure was estimated from oxygen consumption
and carbon dioxide data obtained by indirect calorimetry (Equation 2) using the Consolazio
equation (Consolazio and Pecora, 1963). The rates of non-protein carbohydrate (Equation 3)

and fat (Equation 4) oxidation were also calculated from the same source.

3.78*VO2 (L.min-1)+1.16%¥VCO2 (L.min-1) (Equation 2)
4.115* VCO2 (L.min-1)-2.909* VO2 (L.min-1)) (Equation 3)
1.689* VO2 (L.min-1) )-1.689* VCO2 (L.min-1)) (Equation 4)
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3.3.16. Statistical Analysis

All data was analysed using SPSS (IBM SPSS Statistics for windows version 26, Armonk NY)
and GraphPad Prism (Version 4.7 for Windows, GraphPad Software, San Diego, California,
USA) and expressed as mean =+ standard deviation. A Shapiro-Wilk test was used to determine
the normality of the data. A paired samples t-test was used to compare the mechanical work
performed between exercise trials. A one-way ANOV A with pairwise comparison was used to
determine differences in the effect of each trial on energy expenditure, CGM, glycogen and
GIR and a Student Newman-Keuls post-hoc test was used to differentiate between trials and
time when significant differences were detected. A two-way (trial x time) repeated-measures
ANOVA was used determine differences in substrate utilisation and energy expenditure and a
Bonferroni post-hoc test was used to differentiate between trials and time when significant

differences were detected. The alpha level for statistical significance was set at o = 0.05.

3.4. Results

The mechanical work performed in the SIE and MICE trials is presented in Figure 3-4. The
work performed in the MICE trial was significantly greater than the SIE trials (567 £83.6 v

85.6 + 12 kj p<.001) (Figure 3-4).
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Figure 3-6 Work performed during exercise. Data presented as mean =+ standard deviation. ****

denotes significance p<.001.

3.4.1. Substrate utilisation

Indirect calorimetry allowed for the calculation of substrate utilisation using the Consolazio
equation (Consolazio and Pecora, 1963) at 3 time points for each trial, pre, 30- and 60- minutes
post the exercise trial. Carbohydrate utilisation rates were significantly decreased at 30-minutes
post SIE and although increased at 60-minutes remained significantly decreased when
compared to pre-exercise (0.14+0.03 — 0.03£0.03 — 0.07+£0.05 p<0.05). Fat oxidation rates
were significantly elevated at 30-minutes post both exercise conditions when compared to the
control trial (Con30-MICE30 = 0.08+0.02 — 0.12+0.02 p<0.01, Con30-SIE30 = 0.08+0.02 -
0.19+0.04 p=<0.001). However, significant within-trial differences were only observed
following SIE (Pre-30 = 0.1£0.02 — 0.2+0.04 p=<0.001, 30-60= 0.2+0.04 - 0.14+0.03
p=<0.005). Additionally the increase in fat oxidation at 30minutes post was significantly

higher following SIE when compared to MICE (0.2+£0.04 -0.12+0.02 p=<0.001).
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Figure 3-7 Carbohydrate (A) and fat (B) utilisation rates pre, 30-minutes and 60-minutes post
each experiment. Data presented as mean =+ standard deviation. * denotes significance p<.05,
** denotes significance p<.01, *** denotes significance p<.005, **** denotes significance

p<.001.

3.4.2. Energy expenditure

Indirect calorimetry allowed for the calculation of energy expenditure at 3 time points for each
trial, pre, 30- and 60-minutes post SIE, MICE and a control trial (Figure 3-6). using the
Consolazio equation (Consolazio and Pecora, 1963). Energy expenditure was significantly
elevated at 30-and 60-minutes post SIE (Figure 3-6) while no significant differences were

observed post MICE.
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Figure 3-8 Energy expenditure pre, 30- and 60-minutes post SIE and MICE. Data presented as

mean =+ standard deviation. * denotes significance p<.05, ** denotes significance p<.005.

3.4.3. Glycogen

Resting muscle glycogen levels as assessed in muscle biopsy samples taken pre and post the
euglycemic hyperinsulinemic clamp 24-hours post SIE, MICE and a control trial (Figure 3-7).
Glycogen was significantly lower 24-hours post SIE and MICE when compared to the control
trial (94.8+23.9 vs 108.2+£31vs 124.5+9 mmol/kgWT p=<.05,). The pre to post clamp increase
in muscle glycogen was also significantly greater following SIE when compared to MICE and

control trials (45.9£8 v 27.2+10 v 18.1+2 mmol’kg WT P=<.001).
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Figure 3-9 Pre clamp resting glycogen levels 24 hours post exercise. Change in glycogen post
clamp. Data presented as mean + standard deviation. * denotes significance p<.05, ** denotes

significance p=<.01, *** denotes significance p<.005, **** denotes significance p=<.001.

3.4.4. Insulin sensitivity

Insulin sensitivity as assessed using a euglycemic hyperinsulinemic clamp 24-hrs post SIE,
MICE and a control trial (Figure 3-8). Glucose infusion rate was significantly higher 24 hrs
post SIE when compared to MICE and control trials (0.281+£.01 v 0.25+.01 v 0.23+.01

mg/min/kg p=<.001) .
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Figure 3-10 Glucose infusion rate during the steady state period of the euglycemic
hyperinsulinemic clamp relative to body mass. Data presented as mean + standard deviation.

** denotes significance p=<.01.

3.4.5. Continuous Glucose Monitoring (CGM)

Interstitial glucose concentrations as measured using CGM during (Figure 3-9 A) and 60-
minutes post Figure 3-9B SIE, MICE and a control trial There was a significant difference
during exercise in the interstitial plasma glucose levels between both the MICE and SIE trials
and Control trial as measured by Area under the curve from a CGM system (AUC CGM)
(35.7£0.8 v 39+2.1 v 40.6+2.1 mmol/L p<.001) (Figure 3-9 A). Interstitial plasma glucose
levels were significantly lower during the 1-hour post exercise period when comparing the
MICE trial to both the SIE and control trials respectively (46.1£2 v 54.6£2.1 v 55.7£2.1
mmol/L, p=<.001) (Figure 3-9B). No significant differences in Nocturnal AUC (12pm-6am)
CGM values were observed between SIE, MICE and the control trial (383+24.6 v 393.6+17.6

v 405.8+14.9 mmol/L).
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Figure 3-11 AUC CGM during exercise (A) and the 60 minutes post exercise (B). Arbitrary
Units presented to represent Area under the glucose curve. Data presented as mean + standard
deviation. * denotes significance p<.05, ** denotes significance p<.01, *** denotes

significance p<.005, **** denotes significance p<.001.
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3.5. Discussion

This experiment sought to compare the effects of SIE and MICE on metabolism during and up
to 24-hours post exercise with a focus on energy expenditure, glucose metabolism and insulin
sensitivity. Increased energy expenditure was observed following SIE at 30- and 60-minutes
but not at 24-hours post exercise. By performing measurements of indirect calorimetry pre and
post exercise in experiment I, it was shown that SIE has the capacity to significantly increase
energy expenditure up to 60-minutes post exercise when compared to MICE, a finding that is
in agreement with literature relating to the impact of SIE versus MICE on excess post exercise
oxygen consumption (EPOC) (Matsuo et al., 2012; Tucker et al., 2016; Moniz et al., 2020).
Previous research suggests that SIE may increase EPOC up to 24 hours when compared to
MICE, however this may only to be present in less well trained individuals as shown by Greer
et al (2015) (VO2peak 35ml/kg/min). The participants in this experiment were recreationally
active males with a much higher VOapeak then would be observed in an untrained individual
(VOzpeak 48 ml/kg/min), and may explain the lack of a significant difference in EPOC

observed at the 24 hour time point.

Significant differences in interstitial glucose during exercise were observed in this experiment,
with both SIE and MICE resulting in a decrease in glucose concentrations when compared to
the control trial. Additionally the decrease was significantly greater during MICE when
compared to SIE. In healthy individuals, exercise has the potential to decrease blood glucose
concentrations (Erickson et al., 2017). Evidence also suggests that vigorous exercise of a
supramaximal nature, has the potential to increase blood glucose in healthy individuals which
is suggested to be as a result of increased hepatic glucose release stimulated by counter
regulatory hormones during the exercise bout (Kjaer et al, 1990). It is worth noting that
research suggests the accuracy of CGM devices is reduced during exercise, with changes in

temperature, pH and blood flow suggested as potential reasons for the reduced accuracy
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(Mufoz Fabra et al., 2021). No further differences were observed in the remaining 24-hour
period. This suggests that the glucose uptake by the working muscle during MICE was not
matched by hepatic glucose release, while during SIE, either glucose uptake was not increased
to the same level, or hepatic glucose release was increased. A glucose lowering effect of
exercise up to 24 hours post exercise has previously been reported when assess using CGM in
healthy individuals (Dubose et al., 2021) using a larger sample size (N=153). The relative
smaller sample size as well as lack of specific control on carbohydrate intake post exercise may

have contributed to the lack of statistical difference observed in this experiment.

A principal finding from this experiment was that insulin stimulated glucose disposal was
significantly higher 24-hours post SIE when compared to MICE and the control trial. To the
best of my knowledge, this is the first time this has been reported in healthy recreationally
active males using a hyperinsulinemic euglycemic clamp. Previous research has suggested that
insulin sensitivity can be significantly increased as a result of SIE when compared to MICE
following two weeks of training (Hovanloo et al., 2013). Additionally Richards et al (2010)
demonstrated that 6 SIE sessions (4-7X30sec(7.5%bw(kg))) over 2-weeks was sufficient to
increase insulin sensitivity 72-hours post the final exercise bout, however the initial session
(4x30sec(7.5%bw(kg))) was not sufficient to induce a change in insulin sensitivity. This
suggests that a threshold exists between 4- and 7- repetitions (as used in experiment I) which
provides sufficient stimulus to induce change in insulin sensitivity that are superior to MICE
24-hours post exercise. The cost and invasive nature of the clamp technique has resulted in
others interested in measuring insulin sensitivity using less sensitive methods. Metcalfe et al
(2016) found no change in insulin sensitivity in healthy individuals 16-hours post SIE when
compared to MICE utilising an oral glucose tolerance test. However this is a less sensitive test
for changes in insulin action and is typically adopted to assess glucose tolerance in individuals

where poor glucose control is suspected, such as those with type 2 diabetes (Little and Francois,
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2014). The increase in glycogen utilisation rates during SIE, when compared to MICE, has
been suggested as a possible mechanism by which SIE produces greater increases in insulin
sensitivity (Gibala and Little, 2020). The results from his experiment suggested glycogen levels
were significantly reduced 24-hours post exercise for SIE vs control, MICE vs control but not
SIE vs MICE. Although the changes in glycogen levels observed in experiment I may have
instigated the significantly different changes in insulin sensitivity, we did not find a correlation

between the change in glycogen and change in insulin sensitivity.

Collectively, our findings provide strong evidence for the adoption of SIE as part of exercise
programs for individuals who list lack of time as a barrier to meeting the recommended amount
of physical activity. Additionally, our results would suggest SIE may be particularly beneficial
to individuals who have developed insulin resistance and would benefit from an exercise
induced increase in insulin sensitivity. Although noteworthy, this results must be viewed in the
context of being produced in laboratory based exercise sessions which are not applicable to a
real world exercise conditions. As noted by others (Gray ef al., 2016), the evidence supporting
the benefits of HIT is well defined, however this research has typically been performed in
laboratory settings which limits its application in public health guideline. Training studies that
support the similar benefit HIT may provide compared to MICT, exist up to 12 weeks, with
limited research establishing the long term differences that might exist. Additionally, the
intense nature of SIT exercise may be perceived as to hard for sedentary individuals not familiar
with regular exercise (Hardcastle ef al., 2014), although it is not common practice to have
sedentary individuals perform solely SIT. Evidence exists that exercise at 80% VO>max results
in higher psychological distress (Blanchard et al., 2001) and displeasure (Hall et al., 2002)
when compared to exercise at 50% VO>max. However, others have reported similar enjoyment
when completing MICE, HIE and SIE as well as a preference to complete HIT over MICT and

SIT (Jung et al., 2015). Although strong evidence exists as to the time efficiency potential of
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HIT and SIT, randomised control trials, with greater participant numbers and of longer
duration, are required to determine the long term health outcomes as well as how it impacts
key psychological constructs that influence adherence to regular physical activity (Biddle and

Batterham, 2015).

In conclusion, these findings suggest that a SIE has the potential to significantly increase
energy expenditure up to 60 minutes post exercise and insulin sensitivity up to 24 hours post
exercise when compared to MICE. The increased insulin sensitivity is of note as our
participants were healthy individuals with normal insulin sensitivity as well as being
accustomed to regular physical activity. SIE may provide a time efficient means of increasing

insulin sensitivity acutely for individuals at risk, or who have insulin resistance.
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4. Chapter IV Experiment II

The impact of muscle contraction frequency on oxygen consumption during

maximal and submaximal exercise.
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Preface

In experiment I, both contraction rate and % PPO were manipulated during SIE exercise and
to a lesser degree during MICE. Experiment II will focus on contraction rate during both

incremental and continuous cycling exercise.

4.1. Introduction

The impact of contraction frequency on the metabolic cost of exercise is relatively understudied
when compared to the impact of exercise intensity or duration. Previous research has typically
focused on cycling exercise, using well trained cyclists, with the aim of increasing cycling
performance (Hansen and Sjogaard, 2007). Findings from such studies are not directly
translatable to untrained populations due to training adaptations that trained cyclists display
when compared to non-cyclists (Zorgati et al., 2015). Additionally, previous research has
typically adopted incremental exercise to exhaustion (Coast et al., 1986; Zoladz et al., 2000)
or submaximal exercise of short duration (3-10 minutes) when performing experiments (Coast
and Welch, 1985; Foss and Hallen, 2004; Brennan et al., 2019). As such, it is unclear in the
literature what impact contraction frequency has on the metabolic cost of cycling in untrained

individuals.

4.2. Experimental design

This study was a randomised crossover study with 2 sets of experimental conditions with 7-10
days between experiments. On the first two visits, participants completed an incremental
exercise test to exhaustion on a cycle ergometer while maintaining a cadence of either 65- or
95-rpm, with the order of trials randomly assigned. On the third and fourth visits, participants

were randomised to perform MICE (60mins@55%PPO) at 65- and 95-rpm.
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4.3. Methodology

The study received ethical approval from the Dublin City University Research Ethics
Committee (appendix 2). Participants were recruited for the study via a University wide email
sent to all undergraduate and postgraduate student distribution lists in Dublin City University.
Those who expressed interest in taking part in the study were sent a plain language statement
of what the study involved and those who still wished to take part were asked to sign an
informed consent. Participants were screened using a general health questionnaire and
undertook an electrocardiogram to ensure it was safe for them to take part in the study. Nineteen
recreationally active healthy young men who did not follow a structured exercise plan were
recruited to take part in the study. Participants were excluded if they cycled regularly (> 2 times
per week or >20km per week), followed a structured exercise plan or had a peak oxygen

consumption (VOopeak) less than 40 ml/kg/min or greater than 55 ml/kg/min.

A familiarisation session was provided to become accustomed to the environment, equipment,
and testing procedures prior to the first exercise visit. Prior to completing the first incremental
exercise test, participant’s height without shoes was measured to the nearest 0.001m using a
stadiometer (Seca Leicester stadiometer, Seca Vogel, Hamburg, Germany). Body mass in light
shorts and a t-shirt was measured to the nearest 0.1kg using a digital weight scale (Seca 875,
Seca Vogel, Hamburg, Germany). Each participant’s % bodyfat was determined using a DEXA

scan (DEXA, Stratos, DMS Imaging, France) (see section 3.3.1).
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Table 4-1  Physical Characteristics

Age (yrs) 22.2+1.4
Height (m) 181+0.07
Weight (kg) 76.9+9.2
BMI (kgm™) 23.5+1.6
Body fat (%) 20.6+3.4

Data presented as mean + standard deviation.

The incremental exercise tests as well as the submaximal exercise trials were performed at the
same time of day with 7-10 days elapsing between trials. Participants were asked to refrain
from caffeine, alcohol, and strenuous exercise for 24-hrs before each trial. In addition, they
recorded their food intake for 24 hours before the first trial and were asked to follow a similar

nutrient intake pattern for subsequent trials.

4.3.1. VO, Peak Test

The incremental exercise tests to exhaustion were performed on an electronically braked cycle
ergometer (E100 P/K COSMED Srl, Middlesex, UK) with the test starting at 70 W and
increasing by 30 W every 3 minutes until volitional exhaustion. Participants wore the same
footwear for each trial and were not strapped to the pedal. Measurements were taken to ensure
the position of the foot and height of the saddle were consistent in each trial. Participants
maintained a pedalling rate of 65- or 95-rpm during the incremental tests. VO,peak was
determined by indirect calorimetry using a breath-by-breath metabolic system (Quark CPET,
Cosmed Srl, Rome, Italy). Blood lactate was measured in whole blood obtained from the ear
lobe at baseline and within 30 seconds of the end of the test using a handheld lactate analyser

(Lactate Pro 2, LT-1730, Carlton, NSW, Australia). Heart rate was recorded throughout using
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a Garmin HR Bluetooth Chest Strap (Garmin Ltd, Southampton, UK). Rate of perceived
exertion (RPE) was recorded at the end of each 3 minute stage using the BORG RPE scale
(Borg, 1970). A test was deemed maximal if three of the following criteria were satisfied: (i)
volitional exhaustion by being unable to maintain the cycling cadence; (ii) a levelling off in
VO, consumption (<200ml.min-1) with increasing workload; (iii) a respiratory exchange ratio
>1.1; (iv) post-test lactate (earlobe measurement) >8 mmol.L-1; (v) an RPE >18 (Borg scale

6-20) (American College of Sports, 2013). PPO was calculated with the following equation
PPO = P+(T/(SL ))xW (Equation 1)

where P is the power output from the last 3-min stage that was fully completed; T is the time
in seconds completed in the stage when exhaustion occurred; SL is the duration of each stage

in seconds and W is the increment in Watts for each stage (Lutttikohlt et al., 2006).
4.3.2. Submaximal exercise trials

On the morning of each submaximal exercise trial, participants reported to the lab following
an overnight fast and cycled at either 65- or 95-rpm for 60mins@55%PPO. The cycling
cadence was displayed in front of the participant and was constantly monitored by the research
team to ensure it remained +3 rpm of the target value. A surface electromyography (sSEMQG)
sensor was placed on the vastus lateralis of the dominant leg (SENIAM, Enschede, The
Netherlands). The skin surface was shaved, light abrasion tape was used to remove dead skin
cells and the site was cleaned with alcohol wipes. Once dry, the SEMG sensor was placed on
the belly of the muscle two-thirds of the distance between the anterior spina iliaca superior to
the lateral side of the patella in the direction of the muscle fibres and secured with adhesion
tape. SEMG signals were recorded for 1-min every 20-mins during the trials (Delsys Trigno
Wireless EMG System, Boston, MA, USA). Indirect calorimetry was recorded and averaged

over 6-minutes to measure oxygen consumption and carbon dioxide production at 20-, 40- and
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60-minute time points. Heart rate was measured continuously and blood lactate as well as RPE

were recorded every 10 minutes.

4.3.3. Data analysis

Energy expenditure: The rate of energy expenditure was estimated from oxygen consumption
and carbon dioxide data obtained by indirect calorimetry (Equation 2) using the Consolazio
equation (Consolazio and Pecora, 1963). The rates of non-protein carbohydrate (Equation 3)

and fat (Equation 4) oxidation were also calculated from the same source.

3.78*VO2 (L.min-1)+1.16%¥VCO2 (L.min-1) (Equation 2)
4.115*% VCO2 (L.min-1)-2.909* VO2 (L.min-1)) (Equation 3)
1.689* VO2 (L.min-1) )-1.689* VCO2 (L.min-1)) (Equation 4)

Gross efficiency was calculated as the power output (watts) relative to the energy expended
during the 1-hr submaximal exercise trials. The Wattage at 55%PPO was converted to
kilocalories and divided by the energy expended, as measured by indirect calorimetry, and

expressed as a percentage efficiency.

Gross efficiency (%) = (Watts x 0.000238845897 x60)/(kcal/min) (Equation 5)

Torque: An electrically braked cycle ergometer keeps the work rate (watts) constant by varying
the force required in relation to the pedalling frequency. The angular velocity was calculated
taking the revolutions per minute (RPM) into account (Equation 6). At 65- and 95-rpm the
torque (force that causes rotation) will differ. In order to calculate Torque (1), measured in
Newton-meters (Nm), we used the following equation (Equation 7) where P is power (Watts)

and o is angular velocity (radians).

Angular velocity (radians)  ©=2tRPM/60 (Equation 6)
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Torque (Nm) =P/w (Equation 7)

SEMG analysis was performed using the Delsys EMGworks Analysis software version 4.3.1
(Boston, MA, USA). The raw sSEMG data was sampled at a rate of 1296Hz for 1-min after 20-
, 40- and 60-minutes of exercise. Each sSEMG recording was assessed for signal quality using
peak-to-peak values during the non-contraction phase of the recording with an inclusion criteria
of<25 pV. The root mean square (RMS) of the SEMG signal was then calculated and
subsequently integrated to give an estimation of ‘total” muscle activation iIEMG) over the 60-
second period. This method allows for the RMS calculation of each contraction to be integrated
and represented as an average RMS for the 60 second recording. The Mean Power Frequency
(MPF) was calculated from the power spectral density function using a Fourier transformation

to assess the rate of neural drive.

4.3.4. Statistical Analysis

All data was analysed using GraphPad Prism (Version 4.7 for Windows, GraphPad Software,
San Diego, California, USA) and expressed as mean + standard deviation. A Shapiro -Wilk test
was used to determine the normality of the data. A paired samples t-test was used to compare
VOspeak, PPO, heart rate and lactate max following the incremental tests at 65- and 95-rpm.
A two-way (trial x time) repeated-measures ANOVA was used to compare the submaximal
trials at 20-, 40- and 60-minutes and a Student Newman-Keuls post-hoc test was used to
differentiate between trials and time when significant differences were detected. The alpha

level for statistical significance was set at a = 0.05.
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4.4. Results
4.4.1. VOapeak tests at 65- and 95- rpm

Peak responses as measured at the point of exhaustion during the incremental exercise test
performed at 65- and 95-rpm are presented in Table 4-2. Additionally, the average oxygen
consumption for the final minute of each stage is presented in Figure 4-1. There was a linear
increase in oxygen consumption at each stage of the 65- and 95-rpm tests with a significant
difference between tests at each increment including VOapeak (p<0.001). There was a small
but significant difference in PPO (p<0.001) and heart rate max (p<0.001), but no differences

between trials in peak blood lactate levels or the peak RER.

Table 4-2. Peak responses to maximal exercise test performed at 65- vs 95-rpm

VO:zpeak tests 65-rpm 95-rpm
VO,peak (mLkg!'min™) 42.6+3.4 44.3+3.6*
RER at VO;peak 1.17+0.06 1.154+0.06
Peak power output (Watts) 244429 2354+35%*
Heart rate peak (bpm) 189+£12 194+£11%*
Peak lactate (mmol L") 8.4+3.9 9.7+£3.7

Data are presented as mean+=SD. *significantly different (p<0.05).
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Figure 4-1: Absolute oxygen consumption as measured during the incremental tests to

exhaustion. Data are presented as mean+SD. * significant difference (p<0.05).
4.42. Submaximal exercise trials

4.42.1. Oxygen consumption

Oxygen consumption during cycling exercise performed at 95- vs 65-rpm at 55% PPO (figure
4-2). Oxygen consumption was significantly higher (15-17%) when cycling at 95- vs 65-rpm

(2080+£192 vs 24244208 ml/min p<0.001) with a significant effect of time observed in both

trials (p<0.001).
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Figure 4-2 Absolute oxygen consumption as measured by indirect calorimetry during

submaximal exercise at 55%PPO at 65- vs 95-rpm. Data are presented as mean+SD.
4.42.2. Energy Expenditure and Gross efficiency

Energy expenditure during exercise at 95- vs 65-rpm at 55% PPO as calculated from indirect
calorimetry using the Consolazio equation (Consolazio and Pecora, 1963) (figure 3). Energy
expenditure (figure 4-3A) was significantly higher during the 95-rpm trial (10.14+£0.9 vs
11.85+0.98 kcal/min p<0.001) with a significant increase over time observed in both trials
(p<0.001). Gross efficiency (Eff) (figure 4-3B), (energy expenditure/mechanical work) was
significantly higher in the 65-rpm trial (19+£1.4% vs 16.2+1.4 % p<0.001) with a significant

decrease over time observed in both trials (p<0.001).
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Figure 4-3 Energy expenditure (A) and gross efficiency (B) as calculated during submaximal

exercise at 55%PPO at 65- vs 95-rpm. Data are presented as mean+SD.
4.42.3. Substrate utilisation

Substrate utilisation during cycling exercise at 95- vs 65-rpm at 55% PPO (figure 4-4) was
calculated from indirect calorimetry data using the Consolazio equation (Consolazio and
Pecora, 1963). The rate of carbohydrate oxidation (Figure 4-4A) was significantly higher
during the 95-rpm trial (1.97£0.18 vs 2.48+0.22 g/min p<0.001). The rate of fat oxidation
(Figure 4-4B) was similar between trials (0.22+0.1 vs 0.19+0.11 g/min). For both trials there
was a significant effect of time with carbohydrate rates decreasing and fat oxidation rates

increasing over the 60 minutes of exercise (p<0.001).
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Figure 4-4 Carbohydrate (A) and Fat (B) oxidation rates as calculated from indirect calorimetry

during submaximal exercise at 55%PPO at 65- vs 95-rpm. Data are presented as mean+SD.
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4.42.4. RPE and Blood Lactate.

The RPE (figure 4-5A) as measured by the Borg scale (Borg, 1970) at 20-, 40- and 60-minute
timepoints during exercise at 65- vs 95-rpm. The RPE was significantly higher during the 95-
rpm trial at all time points (12.6+1.7 vs 14.5+2.1 p<0.001) as well as significantly increasing
over time (p<0.001). Blood Lactate (figure 4-5B) as measured in whole blood from the earlobe
using a handheld lactate analyser. Blood lactate was significantly higher during the 95-rpm
trial (1.8+0.3 vs 2.7£0.5 mmol/L p<0.001), as well as significantly decreasing over time

(p<0.005) with the difference also decreasing with time as shown by the time x trail effect

(p<0.05).
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Figure 4-5 The RPE as measured using the Borg scale (A) and blood lactate levels (B) during

submaximal exercise at 55%PPO at 65- vs 95-rpm. Data are presented as mean+SD.
4.4.2.5. Integrated Electromyography (1IEMGQG)

The electrical activity of the vastus lateralis, an indicator of the total neural activity of the
muscle, measured using iEMG (figure 4-6A) as measured by a surface electrode at 20-, 40- and

60-minute timepoints during cycling exercise at 95- vs 65-rpm at 55% PPO. iEMG was
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significantly higher at 95-rpm (1965+£663 vs 2115£701 pV p=0.016) with both trials
significantly increasing with time (p=0.007). The iEMG per contraction (figure 4-6B)
(IEMG/number of contractions per minute) was significantly higher in the 65-rpm trial
(30.2£10.2 vs 22.3+7.4 uV/Con p=0.007) as well as both trials significantly increasing over

time (p=0.003).
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Figure 4-6 The iEMG (A) and iEMG/Con (B) of the vastus lateralis during submaximal

exercise at 55%PPO at 65- vs 95-rpm. Data are presented as mean+SD.
4.42.6. Mean Power Frequency (MPF)

The MPF of the iIEMG, representing the average motor unit action potential conduction
velocity during cycling exercise at 95- vs 65-rpm at 55% PPO is presented in figure 4-7. MPF
(figure 4-7A) was significantly greater during the 65-rpm trial (98.2+14.6 vs 91.5+12 Hz
p=0.006) with both trials significantly increasing over time (p<0.001). The MPF per
contraction (figure 4-7B) was significantly greater during the 65-rpm trial (1.51+0.2 vs

0.96+0.1 Hz/Con p<0.001) with both trials significantly increasing with time (p<<0.001).
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Figure 4-7 The MPF of the iEMG (A) and the MPF of the iEMG per contraction (B) during

submaximal exercise at 55%PPO at 65- vs 95- rpm. Data are presented as mean+SD.
4.5. Discussion

The aim of this experiment was to determine if the metabolic response in untrained participants
is different when cycling at 95- versus 65-rpm during maximal and submaximal exercise
intensities. The main finding from this study was that cycling at a higher cadence while
exercising at a moderate intensity can increase energy expenditure ~15% in untrained
individuals. Additionally, we observed significantly higher oxygen consumption at all stages
of the incremental exercise test to exhaustion at 95- vs 65-rpm. The power output (watts) during
both submaximal exercise trials in this study was the same but the relative percentage of
VO:peak was significantly greater while pedalling at 95-rpm. The relative intensity was ~60%
VOspeak while cycling at 65-rpm but increased to ~70% VOzpeak at 95-rpm and consequently,
the energy cost of cycling at 95-rpm was significantly greater and gross efficiency was lower.
These results are supported in the literature where increased oxygen consumption has been
reported using cycling cadences between 40-120 rpm (Gaesser and Brooks, 1975; Coast, J. R.
and Welch, H. G., 1985; Chavarren and Calbet, 1999; Zoladz et al., 2000; Foss and Hallen,

2004; Sarre and Lepers, 2005; Formenti et al., 2015; Brennan et al., 2019) and at varying
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exercise intensities (Chavarren and Calbet, 1999; Foss and Hallen, 2004; Formenti e al., 2015).
A strength of the current study was that VO2peak was determined at both cycling cadences and
we found a significant difference in absolute oxygen consumption at all increments up-to and
including peak oxygen consumption. Contrastingly, a significantly higher PPO was achieved
when cycling at 65-rpm. The rationale for choosing 65- and 95 rpm was based on previous
research that suggests untrained cyclist will adopt an FCC of 50-80- rpm during MICE while
trained cyclist will adopt a cadence of 90-105 -rpm (Ansley and Cangley, 2009). Additionally
the optimum cadence when cycling is influenced by the power output and the experience of
the participant (Welch, 1985). We chose 55% PPO as a moderate exercise intensity and
cadence of 65- and 95-rpm to allow enough separation between the trials but still remain in a

range that would be feasible for active, non-cyclists.

Cycling cadence has been shown to impact on oxygen consumption during submaximal
exercise with increased contraction rate associated with increased oxygen consumption for a
given power output (Welch, 1985). During submaximal exercise (55% PPO), higher oxygen
consumption and energy expenditure weas observed when cycling at 95-rpm. Other studies
have shown that efficiency is affected even more if the cadence is <60 rpm or >100 rpm
(Brisswalter et al., 2000b; Zoladz et al., 2000). In addition, many studies used short duration
(3-8 mins) and/or incremental exercise bouts (Gaesser and Brooks, 1975; Welch, 1985;
Brisswalter et al., 2000a; Formenti et al., 2015; Zorgati et al., 2015; Brennan et al., 2019)
where it was possible to test a range of cycling cadences. A consistent finding amongst short
(Foss and Hallen, 2004; Formenti et al., 2015) or long (Sarre and Lepers, 2005; Kounalakis
and Geladas, 2012) duration bouts of exercise is a greater oxygen consumption as the cadence
increases. Kounalakis & Geladas (2012) compared cycling at 40- and 80-rpm for 90-min
@60%VOapeak and reported greater oxygen consumption at the higher cadence. They also

found significant differences in cardiovascular drift between the two cycling cadences, with a
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higher rate of drift observed at 80-rpm. We observed drift in most of the physiological
parameters over the 60-min trials but did not find a difference between 65- and 95-rpm. The
difference in cadence used in both studies and the duration of the trials may explain these
differences. The greater energy expenditure at 95-rpm as well as the increased rate of
carbohydrate oxidation suggest the motor unit activation or the number of muscle fibres
recruited may be greater at 95-rpm, leading to increased rates of glycogenolysis. However, the
energy cost per muscle contraction was greater at 65-rpm, possibly reflecting the greater torque
at the lower cadence. Therefore, it is important to distinguish between the metabolic and

neuromuscular factors contributing to the increase in energy expenditure.

Total neural activity of the vastus lateralis, estimated using the iEMG, was greater while
cycling at 95-rpm. One interpretation could be that a greater number of muscle fibres were
recruited at the higher cadence and this accounts for the increased energy expenditure and the
respiratory drive to increase oxygen consumption. The increased iIEMG is consistent with other
published studies (Sarre and Lepers, 2005; Kounalakis and Geladas, 2012; Brennan et al.,
2019). Sarre et al. (2005) found a small, but significant, increase in neuromuscular activity of
the vastus lateralis when cycling at 110-rpm compared with 50-rpm @65%PPO for 1-hr.
However, there was no difference between the 50-rpm and a self-selected cadence of ~88-rpm
indicating the difference in neural activity may not be linear. Kounalakis & Gelades (2012)
also report a greater iEMG while cycling up to 55-mins at 60% VOspeak at 80- vs. 40-rpm.
There were no significant differences from 55- 90-mins of exercise and this may indicate a
fatigue related impact with longer duration bouts of exercise. In addition, the average motor
unit action potential conduction velocity, estimated by the MPF was significantly greater at 65-
rpm. Kounalakis & Gelades (2012) also found a greater median frequency in the vastus lateralis

when cycling at 40- vs. 80-rpm but neither Sarre et al. (2005) nor Vercruyssen et al. (2009)
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reported differences at 50- vs. 110-rpm. However, like most studies, the participants were

highly trained cyclists and this may explain differences in the findings.

Collectively, our data suggest that a greater number of muscle fibres are recruited per
contraction at 65-rpm but the overall electrical activity of the muscle was greater at 95-rpm due
to the greater number of contractions. Definitive conclusions about the extent of type Il muscle
fibre recruitment cannot be made and further research is required to ascertain if there are
differences in recruitment patterns. There was an effect of time on iEMG and MPF suggesting
a greater number of fibres were recruited as the exercise trial progressed. However, Ahlquist
et al (1992) found a greater decrease in type Il muscle fibre glycogen content following 30-min
cycling at 50- vs. 100-rpm. There was no significant difference in the depletion of type I fibres
leading the authors to conclude that the greater force production at the lower cadence led to a
greater recruitment of type II fibres. This data supports our findings and suggest that a greater
muscle fibre recruitment does not explain the increase in oxygen consumption at 95-rpm. The
iIEMG activity may also help explain why gross efficiency was greater and carbohydrate
oxidation was lower at 65-rpm. If a greater number of muscle fibres are being recruited per
contraction, the workload may be dispersed to a greater number of fibres and the metabolic

stress per muscle fibre reduced (Hoffman et al., 1996).

A change in muscle fibre recruitment patterns may explain some of the differences in energy
expenditure but other mechanisms may also be playing a role. Glycogen lowering itself has
been shown to impact iIEMG activity during heavy exercise, while exercising under glycogen
lowering conditions, oxygen consumption is higher and there is a greater rate of increase in
MPF (Osborne and Schneider, 2006). We found greater carbohydrate oxidation rates at 95-rpm
but further studies will be required to determine if there are differences in fibre-specific muscle
glycogen content. However, previous research (Ahlquist et al., 1992) has shown no difference
in glycogen depletion of type I fibres following 30-min of cycling at ~85% VO,peak at either
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50- or 100-rpm, while there was greater depletion in type II fibres at the lower cadence. These
findings suggest that differences in muscle glycogen are unlikely to explain the differences in
energy expenditure between the trials. It is possible that other physiological systems contribute
to the increase in energy expenditure and the contribution of respiratory and smooth muscle

activation, while small, should not be discounted (Lorenzo and Babb, 2012).

In conclusion, these results report that greater oxygen consumption, energy expenditure and
carbohydrate oxidation when cycling at 95 vs 65 -rpm. Additionally differences in
neuromuscular activity were observed that suggest a fibre type recruitment difference between
the trials. Collectively the data may suggest that fibre type recruitment may play a role in

explaining the observed differences between trials, however further research is required.
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5. Chapter V Experiment III

The impact of muscle contraction frequency during submaximal MICE on muscle

fibre recruitment patterns.
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Preface

Based on the results of experiment II, experiment III was designed to investigate further the
role of contraction rate in the metabolic response observed. This experiment will build on the
methods previously adopted as well as the addition of muscle biopsy sampling and laboratory

muscle analysis techniques.

5.1. Introduction

The results from experiment II suggested a higher metabolic cost when cycling at 55% PPO
but adopting a cadence of 95-rpm rather than 65-rpm. The higher contraction rate resulted in
elevated VO, consumption, heart rate, lactate levels, and iEMG as well as energy expenditure
that persisted for the duration of the exercise bout (60-minutes). Although matched for power
output (55%PPO), a key difference between the trials was the number of contractions taking
place over the 60-minutes with approximately 3900 contractions occurring during the 65-rpm
trial and approximately 5700 during the 95-rpm trial. Although not a fixed number of
contractions, this represents approx. Forty six percent more contractions performed over the 60
minutes. The increased efficiency during the 65-rpm trial as well as the increased carbohydrate
oxidation rates during the 95-rpm trial, could be suggestive of a difference in recruitment of
muscle fibres based on the metabolic characteristic of type I and type Il fibres previously

described.
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5.2.  Experimental design

Due to the similarities of this experiment to experiment II, where possible the duplication of

information will be avoided and a reference to experiment II will be made.

This experiment was a randomised crossover study with two randomised incremental exercise
tests performed at 65- and 95-rpm and two submaximal 60-minute MICE@55%PPO trials
randomised to be performed at 65- or 95-rpm. An additional randomised submaximal trail was
also performed where participants cycled at 95-rpm@55%PPO for 41-mintues and 5-seconds
(41 trial) in order to have performed the same number of contractions during the 65-rpm trial,
but at the higher 95-rpm contraction rate (65-rpmX60mins = 3900 contractions, 95-

rpmX60mins = 5700 contractions -- 41.5mins@95-rpm=3900 contractions).

5.3. Methodology

The study received ethical approval from the Dublin City University Research Ethics
Committee (appendix 3). The recruitment of participants followed the same procedure as
experiment II. Eighteen recreationally active young men were recruited to take part in the
study. The same exclusion criteria and familiarisation session as experiment I were used in
this experiment. Height and body mass were measured, however no DEXA scan was performed

on this group. The physical characteristics of this group can be viewed in Table 5-1.

Table 5-1: Physical Characteristics

Age (yrs) 27.3£3.5
Height (m) 180+6.7
Body mass (kg) 77.6+11
BMI (kgm™) 21.542.7

Data presented as mean + standard deviation.
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5.4. Incremental exercise tests

The methods for the incremental exercise tests were the same as those used in study II (page94).

5.4.1. Submaximal exercise Trials

On the morning of each submaximal exercise trial, participants reported to the lab following
an overnight fast. A muscle biopsy was performed before participants completed each
submaximal exercise trial. A surface electromyography (sSEMG) sensor was placed on the
vastus lateralis of the leg that was not having biopsies performed. The placement and analysis
of data from the EMG sensor was described in study II. Participants cycled for 60-
mins@55%PPO at 65- or 95-rpm as well as 41mins 5 seconds @55%PPO at 95-rpm, after
which a second muscle biopsy was performed. Indirect calorimetry was recorded and averaged
over 6-minutes to measure oxygen consumption and carbon dioxide production at 20-, 40- and
60-minutes respectively. Heart rate was measured continuously and blood lactate, 1-minute

iEMG, as well as RPE were recorded every 10-minutes.

5.4.2. Muscle Biopsy

A muscle biopsy was taken from the vastus lateralis by experienced medically trained
personnel using a percutancous muscle biopsy needle (Bergstrom, 1962). The sites of the
biopsies were marked as being 2/3rds of the way down the midline ranging from the anterior
spina illicia, superior to the lateral side of the patella and in the belly of the muscle +2cm (2
sites per trial). This resulted in a gap of 4cm between biopsy sites within which the sSEMG
sensor was placed on the subsequent trial, ensuring no scar tissue was present on the site of
EMG data collection. Once identified, the sites were cleaned with antiseptic solution (Videne)
and alcohol. The sites were then anaesthetised with 1% Lidocaine hydrochloride (Braun,
Melsungen AG).
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The lidocaine was allowed time to take action (5-minutes) after which a small (0.5-1cm)
incision was made with a scalpel after which a biopsy needle was used to remove small pieces
(100-200 mg) of muscle. The blood and connective tissue were removed from the sample
before being snap frozen or mounted for immunohistochemistry as described below. Once
sufficient muscle was obtained, the incision was closed using steri-strips and a compression
bandage applied. Sufficient lidocaine was administered to ensure the post exercise biopsy could
be performed immediately upon the cessation of exercise. Once the exercise trial was finished,
participants lay down on a bed directly beside the cycle ergometer in order for the second
biopsy to be performed. The time of exercise cessation to the first piece of muscle being snap

frozen was on average 90-seconds.

5.4.3. Muscle analysis
5.4.3.1.  Whole muscle Glycogen analysis
The method of analysing whole muscle samples for glycogen was described in chapter I1I (page
101).

5.4.3.2.  Muscle Fibre type

A piece of muscle sample that was deemed suitable for fibre type analysis (>50ug with muscle
striation visible) had any visible blood and connective tissue removed before being embedded
in Tissue Tek OCT compound (Sakura Finetek, LA, USA) and rapidly frozen in liquid nitrogen
cooled isopentane (2-methyl-butane, Sigma-Aldrich, St Louis, MO, USA), before being stored
at -80C for later analysis. Serial cryosections (10um) were made using a Leica CM3050
Cyrostat (Leica Microsystems, Newcastle Upon Tyne, UK), and were thaw mounted on
uncoated pre-cleaned glass slides. Three serial sections were mounted per slide with three
slides per biopsy generated, resulting in 9 sections per biopsy in total for each participant. The
slides were air dried for 15-minutes at room temperature before being processed for

immunohistochemistry. All of the following immersions were performed at room temperature
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unless otherwise noted. In order to maintain contact between the muscle sections and the
solutions containing antibodies and washes, a line was drawn around the samples using a
hydrophobic pen. Samples were first immersed for 15-minutes in an antibody dilution buffer
consisting of phosphate buffered saline (PBS) containing 1% Bovine serum albumin (BSA)
(Sigma Sigma-Aldrich, St Louis, MO, USA). A wash cycle consisted of draining the solution
that the samples were immersed in (dilution buffer in this case) and re-immersing the samples
in PBS for 5-minutes, before draining and re-immersing again in PBS two more times.
Following the first wash cycle, samples were immersed in a blocking buffer (PBS, 5% Goat
Serum (IgG, Sigma Aldrich, St Louis, MO, USA) for 30-minutes after which a wash cycle was
performed. A solution containing the primary antibody cocktail associated with laminin, type
I and type II fibres diluted in antibody dilution buffer (PBS1%BSA) was applied to the samples
which were stored at 4C overnight (12-16 hours). This solution contained the antibodies 2ES,
a mouse IgG1 monoclonal antibody that is directed at human laminin, a basement membrane
protein present in muscle cell membranes, BA:F8, a mouse IgM monoclonal antibody raised
against human myosin heavy chain type I fibres and SC-71 a mouse IgM monoclonal antibody
raised against human myosin heavy chain type Ila/lIx fibres (Developmental Studies
Hybridoma Bank (DSHB), lowa, IA, USA). The following day a wash cycle was performed
before a solution containing the secondary antibody cocktail was applied for 2-hours and placed
in a cardboard box to avoid exposure to light. This solution contained the BA-F8 secondary
antibody Alexa Fluor 350 IgG2b, SC-71 secondary antibody Alexa Flour IgG 594 and the

Laminin secondary antibody Alexa Fluor IgG FITC (DSHB, lowa, IA, USA) (table 5-2).
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Table 5-2 Primary and secondary antibody dilution ratios

Primary Antibody MHC Reactivity Secondary Antibody
Cocktails and Cocktails and
Concentrations Concentrations
BA-F8 (1:25) I )Alexa Fluor 350
1gG2b 1:500 (blue)
SC-71 (1:50) Ila/x IgG 594 1:500 (red)
Laminin (1:50) IgG FITC 1:500 (green)

Primary and related secondary antibodies with dilution ratios as utilised in quantification of

skeletal muscle fibre type.

Following this 2-hour period, a wash cycle was performed, and samples were immersed in PBS
before being viewed using a Leica DM 1L fluorescence microscope with Leica image capturing
software (Leica Microsystems, Newcastle Upon Tyne, UK). The microscope had light filters
to capture Green (Excitation 440-470), Blue (Excitation 312-365) and Red (Excitation 525-
545) enabling the illumination of secondary antibodies associated with Laminin, type I and
type II fibres respectively. To ensure a valid computer assisted analysis of sections the images
were captured using identical camera settings with the exposure time, offset and gain identical
between captured images. Images were processed using Image J software (National Institute
for Health, Bethesda, MD, USA) with the quantification of fibre type completed by overlaying
the images of Laminin, type I and type II fibres and counting the respective fibre types using
the Image J cell counter plugin. As 9 sections in total were assessed per biopsy, and six biopsies
performed per participant, 54 sections in total were assessed for fibre type analysis. The total
number of fibres counted per participant was 1888+360. Although a considerable amount of
time was spend optimising the dilution ratios and exposure times, we were not able to ensure
SC-71 only stained type II fibres and a co-stain of type I fibres occurred. As type I fibre
identification was possible using BA-F§, we decided to proceed to periodic acid schiff (PAS)

staining only using the overlay image for type I for fibre type analysis. An example of a section
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with type I fibres shown in blue can be viewed in figure 5-1. All black fibres are not type I

fibres.

Figure 5-1. Cross section of muscle biopsy from vastus lateralis stained for laminin (green) and

type I fibres (blue) as viewed on fluorescence microscope.

5.4.3.3.  Periodic acid Schiff Staining (PAS)

Following the capture of the images relating to immunohistochemistry, the sections were
stained for glycogen using a PAS staining kit (Sigma Sigma-Aldrich, St Louis, MO, USA).
Firstly, the sections were immersed in Periodic acid solution for 5-minutes to oxidise the
glycols present to aldehydes, after which a wash cycle was performed. The samples were then
immersed in Schiffs reagent for 15-minutes in order to stain the aldehydes created in the first
reaction, after which a wash cycle was performed. Following this period, the sections were
immersed in Hematoxylin Solution for 90-seconds to counter stain the Schiff’s reagent stain
formed, before a final wash cycle was performed. Sections were viewed using the same
microscope used for capturing the fibre type classification images but using the bright field
light to capture the images. To ensure a valid computer assisted analysis of sections, the images
were captured using identical camera settings with the exposure time, offset and gain identical

between captured images. Glycogen content was measured using image J software (National
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Institute for Health, Bethesda, MD, USA). The full colour image of sections stained with PAS
was converted to 8-bit grey scale, with a threshold of 256 pixels set and kept constant between
samples. Type I and type II fibres were manually delineated using the overlay fibre type image
of the sections, with measurements of glycogen achieved using a multi measurements plug in
that allowed for the calculation of mean grey value (pixels) per fibre counted. Due to poor
image quality related to fractured adhesion of the sections to the slide, only 14 participants
produced images deemed suitable for quantification of the PAS stain using grey scale. At the
fracture point of a cell on the slide, a pooling of PAS stain was observed that resulted in
significantly more pixilation that increased the pixel quantification. Due to this, only whole
cells devoid of fractures were suitable for PAS staining. For the included participants, each
biopsy resulted in 42+15 fibres where PAS staining and fibre type assessment was categorical.
An example of fibre type classification (Figure 5-2 A), PAS staining with glycogen stained in

purple (Figure 5-2 B) and PAS picture converted to grey scale (Figure 5-2 C) of the same

section can be viewed below.

>
w
@)

Figure 5-2 Laminin stained green and type I fibres stained blue on cross section of muscle
biopsy from vastus lateralis as viewed on fluorescence microscope (figure 5-2 A). PAS stain
performed on the above cross section. Glycogen is stained purple in this image (figure 5-2 B).

Image of PAS stain after conversion to grey scale (figure 5-2 C).
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5.4.4. Data analysis

Indirect calorimetry, energy expenditure, efficiency, torque and EMG analysis was all

performed as was detailed in the methods section of Chapter IV (page 115).

5.4.5. Statistical analysis

All data was analysed using GraphPad Prism (Version 4.7 for Windows, GraphPad Software,
San Diego, California, USA) and expressed as mean + standard deviation. A Shapiro -Wilk test
was used to determine the normality of the data. A paired samples t-test was used to compare
VOspeak, PPO, heart rate and lactate max following the incremental tests at 65- and 95-rpm.
A two-way (trial x time) repeated-measures ANOVA was used to compare the submaximal
trials at 20-, 40- and 60- mins and a Student Newman-Keuls post-hoc test was used to
differentiate between trials and time when significant differences were detected. A one-way
ANOVA with pairwise comparison was used to determine differences between energy
expenditure and the change in whole muscle glycogen and PAS levels between trials. The alpha

level for statistical significance was set at a = 0.05.

5.5.Results
5.5.1. VOqpeak tests at 65- and 95-rpm

Peak responses as measured at the point of exhaustion during the incremental exercise tests
performed at 65- and 95-rpm are presented in Table 5-3. PPO was significantly higher when

cycling at 65-rpm (p<0.05)
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Table 5-3 Peak responses to maximal exercise test performed at 65- vs 95-rpm

VOzpeak tests 65 rpm 95 rpm
VOopeak (mLkg'min) 46.3+4.2 46.7+4.9
RER at VO,peak 1.17+0.04 1.15+0.03
Peak power output (Watts) 275435 259+35%*
Heart rate peak (bpm) 189+7 191+£8
Peak lactate (mmol'L™") 9.1+2.8 9.4+3

Data are presented as mean+=SD. *significantly different (p<0.05) 65- vs 95-rpm trial.

5.5.2. Submaximal exercise trials
5.5.2.1.  Oxygen consumption

Absolute oxygen consumption as measured by indirect calorimetry at 20- and 40-minutes
during all submaximal trials (figure 5-3A) and 20-, 40- and 60- minutes at 65- and 95-rpm
(figure 5-3B). Oxygen consumption was significantly higher during the 60-minute and
contraction matched 95- vs 65- rpm at 55%PPO (V0265 vs VO241 vs V0,95 = 21834216 vs
24024120 vs 25224253 p<0.001) with both the 41 and 95- rpm trial significantly increasing

over time (p<0.001).
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Figure 5-3 Absolute oxygen consumption comparing all trials at 20- and 40- minutes (A) and
20-, 40- and 60- minutes at 65- and 95-rpm (B) as measured by indirect calorimetry during

submaximal exercise at 55%PPO at 65- vs 95- rpm. Data are presented as mean+SD.

5.5.2.2.  Energy expenditure

Energy expenditure at 20- and 40- minutes during all submaximal trials (figure 5-4A) and 20-
,40- and 60-minutes at 65- and 95- rpm (figure 5-4B) calculated from indirect calorimetry using
the Consolazio equation (Consolazio and Pecora, 1963). Energy expenditure (figure 5-4A) was
significantly higher during the 95-rpm trials (EE65 vs EE41 vs EE95 =10.6£1.1 vs 12.4+0.5

vs 12.3+1.2 kecal/min p<0.001) with both the 95-rpm trials significantly increasing over time

(p<0.001).
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Figure 5-4 Absolute energy expenditure comparing all trials at 20- and 40- minutes (A) and

20-, 40- and 60-minutes at 65- and 95- rpm (B) as measured by indirect calorimetry during

submaximal exercise at 55%PPO. Data are presented as mean+SD.
5.5.2.3.  Total energy expenditure

The total energy expenditure (Figure 5-5A) was significantly different between all trials
(TotalEE41 vs TotalEE65 vs TotalEE9S = 515+51 vs 643161 vs 749+£72 p=<0.001). When
adjusted to be per contraction that took place in each trial (Figure 5-5B), there was significantly
greater energy expenditure when cycling at 65-rpm with no significant difference observed

between the 95-rpm trials (EE/Con 65 vs EE/Con 41 vs EE/Con 95 = 0.17£0.01 vs 0.13+0.01

vs 0.13+0.01 p<0.001).

- 143 -



%k %k %k %k

%k %k %k %k
5k 5 3k %k
%k %k %k %k
1000 Ak 0.20 |—\
800 - | =
S 0.15-
_ g -
S 600 = ;
< 2 £ 0.10d B
L E’ - .
W 400 g =
Q |
— |.u - - .
200 W 0.05 .i
e
0- n 0.00 1= .
» & P N e P
& & & S &
> > P L
& T F S L &
KO" KO & & < &
Trial Trial
A B

Figure 5-5 Total energy expenditure expended during each submaximal trial as measured by
indirect calorimetry (A). Energy expenditure per contraction (B). Data are presented as
mean+=SD. **** significantly different (p<0.001).
5.5.2.4.  Substrate utilisation
5.5.2.4.1. Carbohydrate oxidation

Carbohydrate oxidation as calculated from indirect calorimetry data using the Consolazio
equation (Consolazio and Pecora, 1963). The rate of carbohydrate oxidation at 20- and 40-
minute time points for all trials (figure 5-6A) and 20-, 40- and 60-minutes at 65- and 95- rpm
(figure 5-6B). Carbohydrate oxidation was significantly higher during both 95-rpm trials
(CHOo0x65 vs CHOox41 vs CHO0x95 = 2.1440.3 vs 2.52+0.2 vs 2.52+0.3 g/min p<0.001)

with all trials significantly decreasing over time (p<0.001).

- 144 -



3.0

] o CHO ox 41 —+ CHO ox 65
3.0 -+ CHO ox 65 - CHO ox 95
c £ 2.5
E -2 CHO ox 95 €
g’ 2.5+ g’
ol Time p<0.001 S 2.0- Time p<0.001
2.0 Trial p<0.001 Trial p<0.001
TimexTrial  p=0.238 TimexTrial  p=0.204
15 . . 1.5 T T T
20 40 20 40 60
Time (mins) Time (mins)
A B

Figure 5-6 Carbohydrate oxidation in all trials at 20- and 40- minutes (A) and 20-, 40- and 60-

minutes at 65- and 95- rpm (B). Data are presented as mean+SD.
5.52.4.2. Fat oxidation

Fat oxidation as calculated from indirect calorimetry data using the Consolazio equation
(Consolazio and Pecora, 1963). The rate of fat oxidation at 20- and 40- minute time points for
all trials (figure 5-7A) and 20-, 40- and 60- minutes at 65- and 95-rpm (figure 5-7B). There
was no significant difference in fat oxidation rates between all trials (FATox65 vs FATox41
vs FATox95 = 0.21£0.1 vs 0.23+£0.1 vs 0.22+0.1 g/min p<0.001) with all trials significantly

increasing over time (p<0.001).
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Figure 5-7 Fat oxidation in all trials at 20 and 40 minutes (A) and 20-, 40- and 60- minutes at

65- and 95- rpm (B). Data are presented as mean=SD.
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5.5.2.5. Integrated Electromyography i(EMG)

The electrical activity of the vastus lateralis, an indicator of the total neural activity of the
muscle, measured using iEMG at 20- and 40- minute time points for all trials (figure 5-8A) and
20-, 40- and 60- minutes at 65- and 95- rpm (figure 5-8B). Although the iEMG was higher
when cycling at 95- rpm there were no significant differences observed between trials. The
iEMG per contraction at 20- and 40- minute time points for all trials (figure 5-8C) and 20-, 40-
and 60-minutes at 65- and 95-rpm (figure 5-8D). The iEMG per contraction was higher at 65-

rpm however no statistical differences were observed between trials.
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Figure 5-8 The iEMG in all trials at 20- and 40- minutes (A), 20-, 40- and 60- minutes at 65-
and 95- rpm (B), iIEMG /contraction in all trials at 20 and 40 minutes (C), and 20-, 40- and

60- minutes at 65- and 95- rpm (D). Data are presented as mean+SD.
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5.5.2.6. Mean Power Frequency (MPF)

The MPF of the iEMG, representing the average motor unit action potential conduction
velocity at 20- and 40- minute time points for all trials (figure 5-9A) and 20-, 40- and 60-

minutes at 65- and 95-rpm (figure 5-9B). There were no significant differences observed

between trials.
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Figure 5-9 The absolute MPF of the iEMG of the vastus lateralis in all trials at 20- and 40-
minutes (A) and 20-, 40- and 60- minutes at 65- and 95- rpm (B). Data are presented as

mean+SD.
5.5.2.7.  Glycogen
5.5.2.7.1. Whole muscle glycogen

Muscle glycogen as measured by an endpoint colorimetric assay in whole muscle biopsy
samples of the vastus lateralis pre and post exercise. The absolute change (figure 5-10A) in
glycogen pre to post each trial. Significant differences were observed between the 60-minute
95-rpm trial and all other trials (95 vs 65 vs 41 = -48.1+11.4 vs -23.3+6.8 vs -29.6+8.7
mmol/kgwt p<0.001). Additionally, there was significantly greater glycogen use during the

41min@?95-rpm trial when compared to the 65-rpm trial (-29.6+8. vs -23.3+6.8 mmol/kgwt
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p<0.05). When controlled for the number of contractions that took place in each trial (Figure
5-10B) (60mins@65-rpm = 3900, 60mins@95-rpm = 5700, 41.05mins@95-rpm = 3900) there
was significantly greater glycogen use per contraction when cycling at 95-rpm (95 vs 65 vs 41

=-0.008+0.002 vs -0.006+0.002 vs -0.008+0.002 mmol/kgwt /con, p<0.05).
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Figure 5-10 The absolute change in glycogen pre to post each trial (A). The absolute change in
glycogen per contraction that occurred in each trial (B). Data are presented as mean+SD. *

significantly different (p<0.05), **** significantly different (p<0.001).
5.5.2.7.2. Type I and type Il muscle fibre glycogen utilisation

The glycogen utilisation in type I and type II muscle fibres was assessed using a PAS staining
technique to quantify glycogen, in combination with immunohistochemistry to identify type |
and type Il fibres pre and post exercise (figure 5-11). There was a significant decrease in
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glycogen in all trials in type I and type Il fibres (41typel pre-post =3637+£890 - 2688+£593
pixels, p<0.01), (41typell pre-post = 2822+706 - 1949+401 pixels, p<0.05), (65typel pre-post
= 35844993 - 2696+595 pixels, p<0.01), (65typell pre-post = 2822+2096+563 pixels,
p<0.05), (95typel pre-post = 3485+959 - 2360+754 pixels, p<0.005), (95typell pre-post =

3078+£1004 - 1931+626 pixels, p<0.005). A time x trial effect was also observed (p=0.038).
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Figure 5-11 Muscle glycogen as measured using PAS staining presented as average pixels
when converted to greyscale (n=14). Data presented as mean + standard deviation. * denotes

significance p<.05, ** denotes significance p=<.01, *** denotes significance p<.005.
5.5.2.7.3. Change in glycogen in type I and type II fibres

There was no significant difference in the absolute change in glycogen in type I fibres (figure
5-12A) as assessed by PAS staining pre and post exercise. A significantly greater reduction in
glycogen in type Il as assessed by PAS staining occurred in the 60min@95-rpm trial when

compared to the 60min@65-rpm trial (figure 5-12B) (-661+518 vs -1122+632 pixels, p<0.05).
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Figure 5-12 Change in muscle glycogen in type I (A) and type II (B) muscle fibres as measured

using PAS staining presented as average pixels when converted to grey scale (n=14). Data are

presented as mean+SD. * significantly different (p<0.05).

5.5.2.74. Change in glycogen in type I and type Il fibres per contraction

The change in glycogen as measured by PAS staining in type I fibres (figure 5-13A) and type

II fibres (figure5-13B) pre and post exercise. The was no significant differences observed

between trials.
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Figure 5-13 Change in muscle glycogen per contraction in type I (A) and type II (B) muscle
fibres as measured using PAS staining presented as average pixels when converted to grey
scale and divided by the number of contractions performed during the trial. Data are

presented as mean+SD.
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5.6. Conclusions

The aim of this study was to examine the relationship between the observed metabolic response
and glycogen use in type I and type Il muscle fibres during submaximal cycling exercise at 65-
vs 95-rpm. We found a significant decrease in absolute PAS pre to post each trial in both type
I and type II fibres. There was no significant difference in the rate of change in type I fibres
between trials, however a significantly greater change was observed in type II fibres when
comparing the 95-rpm to 65-rpm 60-minute trial. However, when the number of contractions
was controlled for, the absolute rate of change in each fibre type (decrease in PAS per
contraction) was not significantly different between trials. This finding is in agreement with
others who have investigated fibre type recruitment patterns during submaximal cycling at

different cadences (Gollnick et al., 1974; Vellestad et al., 1984).

Ahlquist et al (1992) found a greater decrease in type Il muscle fibre glycogen content
following 30-min cycling at 50- vs. 100-rpm with no difference in type I fibres, however
participants in this study were exercising at 85% VOapeak for the 30 minute period. As
previously stated, the metabolic response to exercise @85% VOazpeak would be expected to
different then that at 55%PPO as was our exercise intensity. Additionally differences in fibre
type recruitment would also be expected with a greater total number of fibres being recruited
based on the activation pattern of skeletal muscle fibres with increasing exercise intensity (Sale,
1987). Although consistent with others, our findings do not definitively show that fibre type
recruitment does not explain, in part, the observed differences in metabolism. It is important to
note that it is not possible to ensure the exact same fibres were biopsied pre and post exercise,
as well as the number of fibres measured only representing a fraction of all fibres in the vastus
lateralis. Although the vastus lateralis is an ideal muscle to biopsy when conducting this type
of research, the relative contribution of the other 11 prime mover muscles associated with

cycling should be investigated in relation to contraction frequency (Ericson et al., 1985).
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However, performing a muscle biopsy on the muscle selected for EMG analysis was deemed
paramount for this study and thus only the vastus lateralis was chosen. Additionally, it is
possible that the 30-rpm difference in cycling cadence, or the elevated rate of 95-rpm adopted
was not sufficient to provide significant differences in fibre type recruitment between trials.
Our findings are not consistent with Ahlquist et al (1992) who utilised PAS staining in
combination with fibre type analysis and found greater type Il fibre recruitment at 50- vs 100-
rpm after participants cycled for 45-minutes at each rate. However, this research was conducted
in well-trained cyclists and runners who were exposed to considerably more force during each
exercise trial (335 watts), a greater difference in cadence (50-rpm) as well as exercising at
85%VO,peak, therefore not MICE. PAS staining is a semi quantitative method of muscle fibre
glycogen quantification and as such is not an exact method of quantifying muscle fibre
glycogen use. Muscle fibre isolation techniques that allow for direct measurement of glycogen
in whole muscle fibres dissected from a muscle biopsy would allow for a greater accuracy in
glycogen measurement and possible insight into true fibre type glycogen use. However, this
technique was not possible for this thesis and PAS staining was chosen instead. Although strict
protocols established for the PAS staining technique, small differences in the application time
of reagents may lead to differences in the final quantification of glycogen and as such reduces
the accuracy of this technique (Fairchild and Fournier, 2004). Additionally, high quality cross
sections of muscle tissue are required for the image quantification software which resulted in
a reduced number of fibres being considered suitable for glycogen quantification. While the
change in whole muscle glycogen pre to post was significantly different between all trials
however this is performed on a muscle sample that contains both type I and type II fibres.
However, this enzymatic technique allows for greater accuracy in glycogen quantification but

only at a whole, mixed fibre, muscle level.
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During submaximal exercise (55% PPO), higher oxygen consumption, energy expenditure, and
carbohydrate oxidation were observed when cycling at 95-rpm. As mentioned in the discussion
of experiment I, this finding is in agreement with other studies that have shown greater oxygen
consumption at elevated cycling cadences (Gaesser and Brooks, 1975; Welch, 1985;
Brisswalter et al., 2000a; Zoladz et al., 2000; Sarre et al., 2003; Foss and Hallen, 2004;
Kounalakis and Geladas, 2012; Formenti et al., 2015; Brennan et al., 2019). However, the
findings from the EMG of this experiment are divergent to experiment Il as no significant
difference between trials in absolute iIEMG or when contraction number was controlled, as well
as no differences in the MPF of the iIEMG observed. Sarre et al (2005) observed a significant
increase in neuromuscular activity of the vastus lateralis when cycling at 110-rpm when
compared to 50-rpm at 65% PPO for 1 hour, however no differences were observed when
comparing 50-rpm to the FCC for the same period. As we did not control for each participants
FCC, it is possible that participants in the experiments FCC was closer to 95-rpm then
participants in experiment II, contributing to the lack of statistical significance. Another
important consideration relates to the site of each muscle taking place above and below the
location of the EMG sensor. Although at least 7 days elapsed between exercise trials, it is
plausible that scar tissue as a result of the previous muscle biopsy may have influenced the

EMG recording, which would not have occurred in experiment II.

In conclusion, although difference in glycogen use in type I vs type Il were observed when
cycling at 65- vs95-rpm for 60 minutes @55%PPO, per contraction no significant differences
were observed. We did not observe significant difference between trials in EMG data and no
interpretation can be made relating to EMG activity and fibre type recruitment. Our results
suggest that differences in fibre type recruitment may contribute to the increased energy

expenditure observed when cycling at an elevated contraction rate.
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6. Chapter VI Summary, Conclusions and Recommendations
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6.1. Introduction

This thesis sought to compare the effects of SIE and MICE on metabolism during and up
to 24--hours post exercise. Additionally, it sought to investigate the impact of altering
contraction frequency on the acute response to cycling exercise, both incremental exercise

as well as continuous exercise. The main findings of this thesis are

e SIE when compared to MICE significantly increases energy expenditure up to 60-
minutes post exercise, as well as greater insulin sensitivity 24-hours post exercise
in healthy young recreationally active males.

e Elevated cycling cadence has the capacity to alter VOspeak and PPO during
incremental exercise in healthy young non-cyclists.

e FElevated cycling cadence resulted in increased oxygen consumption as well as
energy expenditure during submaximal exercise in non-cyclists, with significantly
greater carbohydrate utilisation rates at the higher cadence.

e Per contraction, fibre type specific glycogen utilisation does not appear to be
significantly different between cycling at a 65- vs 95-rpm during submaximal

exercise.

The findings from this research suggest that alterations in both the force and contraction
frequency have the potential to produce significant acute metabolic perturbations in young
healthy individuals. SIE appears to provide a time efficient means of increasing energy
expenditure post exercise (0-1hr) as well as increasing insulin sensitivity 24-hours post
exercise. Increasing cycling cadence during MICE may present a novel method of increasing

energy expenditure during exercise for recreationally active individuals.
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6.2. Impact of exercise intensity induced alterations in metabolism

The contribution of the three primary energy systems (ATP-PCr, anaerobic and aerobic
systems) to metabolism during exercise is a tightly regulated process that ensures ATP
production in a sequential yet overlapping fashion, that is dictated by exercise intensity as well
as duration (Baker ef al., 2010a). Additionally, exercise has the potential to increase energy
expenditure post exercise with the magnitude of this increase dictated by the intensity and
duration of the exercise undertaken (Bersheim and Bahr, 2003). This thesis sought to explore
the impact of alterations in force and contraction frequency on metabolism, with specific focus

on energy expenditure and substrate metabolism.

6.3. Energy expenditure

By performing measurements of indirect calorimetry pre and post exercise in experiment I, it
was shown that SIE has the capacity to significantly increase energy expenditure up to 60-
minutes post exercise when compared to MICE, a finding that is in agreement with literature
relating to the impact of SIE versus MICE on excess post exercise oxygen consumption
(EPOC) (Matsuo et al., 2012). The 60-minutes post exercise or “fast component” of exercise
recovery ultimately relates to the body’s restoration of metabolism to the pre-exercise state,
such as resting ATP levels, PCr levels, pH as well as temperature (Moniz et al., 2020).
Therefore, it is predictable that the level of such a “fast component” would be directly related
to the increase in energy expenditure during a bout of exercise. SIE typically involves “all out”
maximal effort for short periods of time, interspersed with periods of recovery, with the active
phase aiming to achieve maximal levels of effort (Gibala and Little, 2020). As such, this should
in theory produce the maximal deviation from the resting state, albeit for short periods of time.

Therefore, as shown within this thesis and elsewhere in the literature, when SIE is performed
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with sufficient repetitions of high force production, the recovery needs and post exercise energy

expenditure, are significantly greater than MICE up to 60-minutes following exercise cessation.

The high force associated with SIE during cycling exercise is often accompanied by
increased cycling cadence. Participants are routinely told to cycle “as fast as possible” as well
as “as hard as possible” in an “all out” effort. Our results from experiment II and II strongly
suggest that cycling cadence can alter the metabolic response to maximal exercise independent
of force. However, it is important to note that the differences observed in maximal exercise,
were following incremental increases to max in exercise lasting minutes, rather than the sudden
maximal force production associated with SIE that lasts seconds. Additionally, other
researchers did not find that cadence impacted maximal values during an incremental exercise
test in trained (Coast et al., 1986; Brickson et al., 2022) or untrained individuals (Swain and
Wright, 1997; Beneke and Alkhatib, 2015; Hill and Vingren, 2020), which would suggest that
cadence may only impact on interval exercise utilising submaximal intensity for repeated bouts.
An additional consideration is that significant differences in VO,peak were only observed in
experiment II, with significant differences in PPO observed in both experiment I1 and III. It is
unclear as to why this occurred, however future research that aims to investigate the influence
of cadence on VO;peak alone may look to perform additional incremental tests to ascertain if
a true impact of cadence on VOzpeak exists. The participants in experiment III had a slightly
higher VOapeak than those in experiment II, and as deviations in submaximal VO, are less as
a result of cadence alterations in trained individuals (Zorgati et al., 2015), this may explain the
lack of a significant result in maximal exercise. Additionally, using a % of VOzpeak or PPO
alone as an anchor for exercise intensity has previously been criticised by others as when
exercise is performed at a given % of a maximal value, significant differences in oxygen
kinetics and lactate concentrations have been observed between similarly trained individuals

(Meyer et al., 1999; Scharhag-Rosenberger et al., 2010). Were a % of VOapeak alone to be
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used in future research, a verification bout of exercise performed prior to the exercise trials
may be beneficial to establish the individuals % VOspeak a given PPO elicits (Jamnick et al.,
2018). Additionally, monitoring oxygen consumption during the exercise bout and adjusting
the power output as necessary, would increase the ability of research’s to ensure a participant
is exercising within the desired % VO,peak (Jamnick et al., 2020). The lack of such verification
bouts, or monitoring of intensity in experiment II and III may explain in part the divergent

results between experiments with regard to VO,peak and EMG.

Of note from our results was the 15-17% increase in energy expenditure over 60-minutes of
continuous exercise when exercising 95- vs 65-rpm. When controlling for the number of
contractions, 25% greater energy expenditure per contraction was observed at the lower
contraction speed. However, for a given period, a higher contraction rate will induce greater
total energy expenditure, as a greater number of contractions are performed. Within experiment
IT and II, the absolute power was consistent between each trial, however the force per
contraction was significantly higher when exercising at the lower contraction rate, a well-
established effect of altering cycling cadence at a fixed power output (Ettema and Loras, 2009).
This is a consistent finding from the limited research conducted on untrained individuals related
to elevated energy expenditure at higher cadences. However short (3-10 minutes) or increment
exercise performed at different cadences has typically been adopted (Gaesser and Brooks,
1975; Coast, J. Richard and Welch, Hugh G., 1985; Marsh et al., 2000b; Foss and Hallen, 2004;
Saltvedt et al., 2015; Zorgati et al., 2015; Brennan ef al., 2019). Although this may provide an
insight into energy expenditure at a given exercise intensity, extrapolating results from short
duration bouts of exercise to bouts of longer duration can be problematic due to the effects of
cardiovascular drift, which has been shown to be exaggerated by cycling exercise (Nassis and
Geladas, 2002) as well as elevated cycling cadence (Kounalakis and Geladas, 2012).

Additionally, it is possible that other physiological systems contribute to the increase in energy
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expenditure and the contribution of respiratory and smooth muscle activation, while small,
should not be discounted (Lorenzo and Babb, 2012). Future studies may look to control for, or
quantify the contribution of auxiliary muscles to energy expenditure when performing cycling

exercise at different cadences.

As health-maintaining moderate intensity aerobic exercise is recommended to be at least 30-
minutes in duration 5-times per week (Bull ez al., 2020), it is surprising how few studies have
manipulated cadence in untrained individuals during exercise bouts lasting at least 30-minutes.
Energy expenditure and cycling cadence have long been studied in cyclists (Ettema and Loras,
2009), and although physiological and biomechanical differences exist between trained cyclists
and untrained individuals, our findings suggest that similarities exist between the groups. Our
findings suggest that the elevated energy expenditure observed by others during short duration
exercise when untrained cyclists cycle at high versus low cadence, persists up to at least 60-
minutes of exercise. The results from experiment II and III also suggest that recreationally
active participants were most efficient at the lower cadence, which is a well-established
observation in cyclists (Ettema and Loras, 2009). The magnitude of the decrease in efficiency
at 95-rpm may have been less had a higher %PPO been utilised during the submaximal
exercise, as Coast et al (1985) demonstrated a linear increase in the most efficient cycling
cadence with increasing workloads. Collectively, our findings may present a novel method for
recreationally active young healthy individuals to increase energy expenditure during exercise.
This is particularly relevant should a limited amount of time be available for them to exercise,
as our results show total energy expenditure will be higher when cycling for 60-minutes at 95-
rpm when compared to 65-rpm. As untrained cyclists have been shown to adopt a cadence of
50-80-rpm when cycling at moderate intensity (Ansley and Cangley, 2009), adopting a cadence

of 95-rpm will possible be a novel experience for them during this form of exercise.
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6.4. Substrate utilisation

Our findings suggest that the increase in energy expenditure observed when cycling at 95-rpm
appears to be as a result of an increase in carbohydrate oxidation, with no significant difference
in fat oxidation rates when compared to cycling at 65-rpm. This increase was observed in
combination with higher blood lactate levels at all time points during the submaximal exercise
trial. From our results it is apparent that increasing cycling cadence at a fixed power output
will result in an increase in exercise intensity (%VOzpeak). A large body of research exists that
supports the concept whereby carbohydrate utilisation will increase as exercise intensity
increases (Romijn ef al., 1993; Van Loon, L. J. et al., 2001; Hawley et al., 2015). However,
this is traditionally achieved with increases in force rather than contraction frequency, wherein
the force per pedal stroke is less at a fixed power output as can be achieved when using an
electronically braked cycle ergometer. Increasing the contraction rate simultaneously decreases
the force but increases the contraction speed. It has been suggested by previous research that
this increased contraction speed will result in increased recruitment of type II fibres (Osborne
and Schneider, 2006). However, the results from experiment III suggest that per contraction,
fibre type differences in glycogen utilisation do not exist when cycling at 95- versus 65-rpm.
Although this finding is in agreement with others (Gollnick et al., 1974; Vellestad et al., 1984),
however our findings do not definitively show that fibre type recruitment does not explain, in
part, the observed differences in metabolism. Previously mentioned methodological issues
need first been considered as the reduced number of fibres counted due to poor image quality

undoubtedly limited our ability to answer our research question in this regard.

Significant differences in interstitial glucose during exercise were observed in experiment I,
with both SIE and MICE resulting in a decrease in glucose concentrations when compared to
the control trial. Additionally the decrease was significantly greater during MICE when

compared to SIE. In healthy individuals, exercise has the potential to decrease blood glucose
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concentrations (Erickson et al., 2017). Evidence also suggests that vigorous exercise of a
supramaximal nature, has the potential to increase blood glucose in healthy individuals which
is suggested to be as a result of increased hepatic glucose release stimulated by counter
regulatory hormones during the exercise bout (Kjaer et al., 1990). It is worth noting that
research suggests the accuracy of CGM devices is reduced during exercise, with changes in
temperature, pH and blood flow suggested as potential reasons for the reduced accuracy

(Muiioz Fabra et al., 2021).

Due to the previously mentioned methodological issues relating to the reduced accuracy of
indirect calorimetry during exercise with a large glycolytic component (Scott, 2005), it was not

possible to calculate substrate utilisation during exercise in experiment I.
6.5. Post exercise metabolism

The impact of exercise intensity and duration on energy metabolism in the hours post exercise
is well studied in healthy individuals (Moniz et al., 2020). EPOC, represents the recovery level
required post exercise and has been shown to be influenced by the intensity and duration of an
exercise bout, with higher intensity or longer duration eliciting greater EPOC (Moniz et al.,
2020). The renewed interest in interval exercise, particularly exercise of a supramaximal nature
such as SIE, has been driven by the suggested similar, if not potentially greater increase in
VOapeak, that can potentially be gained from SIT when compared to MICT (Macinnis and
Gibala, 2017). Our research sought to investigate the acute metabolic response, as
inconsistencies exist in the literature relating to energy metabolism in the 24-hours post SIE
when compared to MICE in healthy individuals. The findings from experiment I of this thesis
suggests that SIE has the potential to significantly increase energy expenditure up to 60-
minutes post exercise, however no differences were found 24-hours post exercise. Such

findings are in agreement with others who showed evidence of greater EPOC in the 0-60
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minutes post SIE when compared to HIE or MICE (Matsuo et al., 2012; Tucker et al., 2016;
Moniz et al., 2020). As previously described, SIE should aim for intervals of sufficient intensity
as to rely predominantly on anaerobic metabolism, with repeated efforts taxing the glycolytic
pathways and resulting in greater glycogen depletion when compared to MICE of a similar
total duration (Macinnis and Gibala, 2017). Our findings of decreased carbohydrate oxidation
and increased fat oxidation following SIE when compared to MICE, suggest that the fast
component of recovery was being fuelled by fat metabolism and that glycogen resynthesis was
being prioritised. However post exercise glucose levels as assessed using CGM suggest that
MICE will significantly decrease glucose levels post exercise (0-60 minutes) when compared
to SIE. This may in part be as a result of a lag in the decrease of the counter regulatory hormones
associated with SIE that result in increased hepatic glucose production (Kjaer et al., 1990).
Additionally, the glucose lowering effect of MICE has been shown to be present for up to 24
hours post exercise in healthy individuals when assessed using CGM (Dubose et al., 2021).
However, we observed only significant differences at 60 minutes post exercise with no

significant differences for the remaining time the CGM was worn.

6.6. Insulin sensitivity

Exercise has previously been shown to be a potent method to increase insulin sensitivity (Mann
et al., 2014), however, the impact of SIE vs MICE in healthy individuals on acute changes in
insulin sensitivity are unclear (Jelleyman et al., 2015). I found that insulin sensitivity in healthy
individuals was significantly higher 24 hours post SIE when compared to MICE, when
measured using a hyperinsulinemic euglycemic clamp to assess insulin stimulated glucose
disposal. Although previous research has shown that insulin sensitivity can be increased
following 2 weeks of SIT versus MICT (Richards et al., 2010; Hovanloo et al., 2013), to the
best of our knowledge, at the time of writing, this is the first time a single bout of SIE have

significantly increased insulin sensitivity 24 hours post exercise when compared to MICE.
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Although we believe this is a noteworthy finding, it must be highlighted that this was exercise
performed in a laboratory setting with research providing supervision and motivation for
participants. Additionally the participants were healthy individuals who were familiar with
high intensity exercise as part of performing recreational exercise. While both considerations
need to be acknowledge, future research may aim to utilise SIE to potentially increase insulin
sensitivity in individuals who have developed insulin resistance. That said, research that has
utilised HIT and found it beneficial has typically not been performed in real world settings
(Gray et al., 2016). Additionally some participants have found HIT to cause greater discomfort,
displeasure and psychological distress when compared to MICT (Blanchard ez a/., 2001; Hall
et al., 2002), while others found increased enjoyment and a preference for HIT (Jung et al.,
2015). While healthy participants have been used in the past as well as in this study, future
research relating to insulin sensitivity should target populations where the impact of such
findings would carry the most weight, such as individuals with pre diabetes, as well as
randomised control trials of longer duration to assess if the acute response translated to a

decrease risk of disease progression.

6.7. Muscle activation:

EMG analysis allows for the quantification of the level of activation of a muscle through
surface electrodes and is regularly used to assess the contribution of various muscles to cycling
exercise (Ericson et al., 1985). For both experiment II and III of this thesis, EMG analysis was
performed during the submaximal exercise bouts with the activation level of the vastus lateralis
presented as iEMG. For both studies, the iIEMG was higher when cycling at 95-rpm but only
reached statistical significance in experiment II (experiment III p=0.074). Small but
significantly greater muscle activation as assessed using iEMG, is a consistent finding when
cycling at higher contraction frequencies (Tetsuo et al., 1996; Farina et al., 2001; Sarre and

Lepers, 2005; Bessot et al., 2008). When calculated per contraction, the neuromuscular activity
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was greater when cycling at 65-rpm which could be explained by the longer duration of each
pedal stroke at that rate, wherein the torque exposure is greater. Therefore, the total activation
being higher at the 95-rpm rate may be as a result of a greater number of contractions being

performed over the course of the 60-minute trial.

In addition to the total activation of the vastus lateralis during exercise, we quantified the MPF
of the iEMG, which has been suggested as an estimate of the motor unit action potential
velocity within the active contracting muscle (Hagg, 1992; Borrani ef al., 2001). In experiment
I, we observed significantly greater MPF during the 65-rpm trial, while no significant
differences were observed in experiment I11. It is unclear as to why divergent results are present
between studies, however subtle differences in the participants used in each study may, in part,
explain the results. Participants in experiment Il had a muscle biopsy performed before each
submaximal exercise trial, with the EMG recording being performed on the opposite leg. This
may have led to a greater activation of the leg that was not biopsied during each trial which
may have skewed the iIEMG results when compared to experiment II. A limitation of both
experiment II and III is that iIEMG analysis was only performed on one leg during exercise,
and although the analysed leg was randomised for each participant and trial, potential error
may have occurred in the iEMG data collected in experiment III. Although only observed in
experiment II, significantly higher MPF at the lower cycling cadence is in agreement with
others, studies which found greater MPF when healthy non cyclists cycled at 40- vs 80-rpm
@60%VO,peak (Kounalakis and Geladas, 2012). Such a finding in non-cyclist is divergent
from results in well trained cyclists which suggest no difference in MPF when cycling at 50-

vs 110-rpm (Sarre and Lepers, 2005).

The absolute change in PAS stain was not significantly different between trials in type I fibres
but type II fibres were significantly reduced following the 95- rpm trial when compared to the
65 -rpm trial. However, per contraction no significant difference existed in the PAS stain,
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suggesting that the greater total number of contractions performed when cycling at 95-rpm
produced the significant difference observed. Additionally, when the same number of
contractions were performed at 65- rpm and 95-rpm (41mins@95-rpm vs 65- rpm trial),

although glycogen use was greater at 95-rpm, it did not reach a level of statistical significance.

The lack of statistical difference in experiment III in relation to MPF and the PAS stain of type
I and type II fibres presents challenges for the data interpretation. We had hypothesised that
the significantly different iEMG data from experiment II would be replicated in experiment III,
as the same participant demographics and exercise protocol were being performed. As this was
not the case, it is not possible to establish if the change in fibre type utilisation of glycogen
patterns when cycling at 65- or 95-rpm was related to the iIEMG data recorded during the trial.
Had the same participants repeated experiment III, it may have been possible to establish why
differences were observed in the iEMG data, however, muscle biopsies being performed was a
deterrent for a number of participants from that experiment. Additionally, as previously stated,
the additional muscle biopsies may have produced differences in how participants recruited the

muscle during the exercise trial in comparison to experiment I1.

6.8. Conclusions

Small amounts of physical activity have been shown to be beneficial for health with the current
minimum recommendation of 150-minutes per week, representing a mere 1.5% of the minutes
in a week. Even so, 40% of adults do not meet this recommendation (Marques et al., 2015),
with a “lack of time” routinely stated as a reason for not exercising regularly. The key finding
of this thesis, has provided evidence that the time saving form of exercise that is presented by
SIE can have beneficial effects on energy expenditure and insulin sensitivity in healthy
individuals. Additionally, increasing cycling cadence appears to be a novel method of

increasing energy expenditure during a bout of cycling exercise of a fixed duration. Both
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findings established through a study design incorporating the use of robust physiological
measures provide strong evidence that the results may be applicable to similar healthy
populations. In this time poor modern world, any and all time saving exercise options may be
of interest to individuals who wish to maximise the time they choose to spend being physically

active as it may promote greater physical activity engagement and adherence.

6.9. Limitations

There are several limitations of this thesis that warrant consideration relating to the findings
observed as well as their interpretation. These include limitations relating to research design
and methodology that place a constraint on the conclusions and implications of each study’s

findings.

A limitation of this research is that only male participants were studied in each experiment.
The recruitment of participants for experiment I, IT and III was open to females, however, only
4 well trained females expressed interest in study II. The lack of female participants limits the
interpretation of the results to just males, as although similarities exist between females and
males, extrapolating our findings to females is not a sound method and similar research
performed on females is required. Throughout each study of this thesis, indirect calorimetry
was utilised to investigate the impact of alterations in exercise intensity on the metabolic
response, and allowed for the calculation of energy expenditure as well as substrate utilisation
(Hill and Lupton, 1923). A notable limitation of the use of indirect calorimetry is its
underestimation of energy expenditure during exercise that has a large contribution from
glycolytic pathways (Scott, 2005). As highlighted in detail previously, traditional calculations
of substrate utilisation from indirect calorimetry measurements during exercise, are less
accurate when the exercise has a large anaerobic component, as is intended during SIE. It is a

limitation of this thesis that additionally measures were not performed to establish the

- 167 -



metabolic work performed during the SIE bout. However, the focus of experiment [ was to
investigate the impact of SIE when compared to MICE on post exercise metabolism, as this is

an area of research that has not been well characterised.

Additionally, a limitation of experiment I relates to the unmatched nature of the SIE and MICE
exercise trials, with mechanical work performed presented to demonstrate the significantly
different time spent in active exercise during SIE compared to MICE. However, it is generally
accepted that low volume SIE, as was performed within experiment I, will result in lower
exercise energy expenditure when compared to MICE (Gibala and Little, 2020). This may
potentially skew the findings to demonstrate an acute increase in energy expenditure that when
calculated over a longer duration may not exist. An additional limitation of experiment I is a
lack of precise control of participants diet between trials, with participants asked to create a
food diary from 24-hours before, to the end of the first trial, and replicate this for subsequent
trials. This may have resulted in variation between trials with participants consuming more or
less carbohydrate following exercise, which may have altered glycogen resynthesis rates

(Hargreaves and Spriet, 2020).

It is a limitation of this thesis that the iEMG data was not normalised to a maximal voluntary
contraction (MVC) or a standardised bout of continuous cycling exercise. This limits our ability
to interpret the EMG data and future studies should aim to normalise EMG during data
processing. Although a considerable amount of time was spent optimising the antibody dilution
ratios for fibre type identification, we were only successful in identifying type I fibres.
Although this did not hinder our fibre type quantification process and the delineation between
type I and type II, we feel it is important to note as possible differences between type Ila, type
IIx and potential hybrid fibres was not established as part of this thesis. Subtle differences in
hybrid fibre recruitment may provide insight into interpreting the difference in energy
expenditure and future research should aim to prioritise this aspect of the fibre type analysis.
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Additionally, in relation to PAS staining to quantify glycogen use in type [ and type II fibres,
it is a limitation of experiment III that only 42+15 fibres were deemed suitable for glycogen
quantification. Future research may wish to prioritise the mounting of biopsy samples in tissue
tek gel (as described in the methods of experiment III) to ensure the striation of the muscle is
aligned correctly (possible aided by a microscope). Additionally, using a single fibre dissection
technique and quantifying total glycogen use in each fibre type may also be investigated. As
PAS staining is semi quantitative, adopting such quantitative methods may provide greater

accuracy in determining true glycogen use in each fibre type.

6.10. Recommendations

When performing exercise, adopting cycling exercise results in an almost infinite amount of
potential exercise protocols that can vary in the force, contraction rate, intensity of exercise,
intervals, rest periods and total time of exercise performed. Although we believe this thesis has
contributed to the existing knowledge relating to the acute response to exercise of different
intensities and contraction frequencies, it is evident that further research is required. While it
appears that SIE exercise has the potential to produce similar, if not superior changes in health-
related outcomes, this form of exercise is challenging and may not be tolerated by all as part
of a regular exercise regime. Further work may aim to investigate interval exercise of lower
intensity than SIE, but with a greater number of repetitions, to mimic the acute changes
observed within this study. Additionally, the free-living nature of our participants in
experiment [ allowed for “real world” data to be collected 24-hours post the exercise bout,
however it would be interesting to view results had the food intake of participants been

controlled in detail.

The divergent results relating to iIEMG from experiment II and III suggest that further work is

required to assess the potential use of iIEMG as a marker for muscle fibre recruitment patterns
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during cycling exercise. It would be interesting to conduct research where iEMG analysis and
muscle biopsies were performed during exercise on alternate days to avoid the biopsied leg
potentially influencing the bout of exercise. Although this would increase the study
involvement of participants and scope of the study, significant findings in relation to the MPF
of the iIEMG data, as observed in experiment II, coupled with fibre type recruitment assessment
may provide a definite answer to iEMG and fibre type recruitment measurement. Additionally,
future work may wish to focus on the significantly greater impact cycling at 95-rpm on
reducing glycogen content post exercise. As changes in glycogen have been shown to be
correlated with insulin sensitivity (Bogardus ef al., 1983) this may be a novel area of research
whereby elevated contraction frequency may provide a time efficient means of increasing
insulin sensitivity. Finally, contraction frequency in the context of this thesis was confined to
cycling and similar novel studies may be performed using other traditional modes of exercise

such as running or rowing.

- 170 -



Bibliography

ABBISS, C. R.; PEIFFER, J. J.; LAURSEN, P. B. Optimal cadence selection during cycling.
International SportMed Journal, v. 10, n. 1, p. 1-15, 2009. ISSN 1528-3356.

ACHTEN, J.; JEUKENDRUP, A. E. Maximal fat oxidation during exercise in trained men.
International journal of sports medicine, v. 24, n. 08, p. 603-608, 2003. ISSN 0172-4622.

ADEVA-ANDANY, M. et al. Comprehensive review on lactate metabolism in human
health. Mitochondrion, v. 17, p. 76-100, 2014. ISSN 1567-7249.

AHLQUIST, L. E. etal. The effect of pedaling frequency on glycogen depletion rates in type
I and type II quadriceps muscle fibers during submaximal cycling exercise. Eur J Appl
Physiol Occup Physiol, v. 65, n. 4, p. 360-4, 1992. ISSN 0301-5548

ALBOUAINI K. et al. Cardiopulmonary exercise testing and its application. Postgraduate
medical journal, v. 83, n. 985, p. 675-682, 2007. ISSN 0032-5473.

ALTENBURG, T. M. et al. Recruitment of single muscle fibers during submaximal cycling
exercise. Journal of applied physiology, v. 103, n. 5, p. 1752-1756, 2007. ISSN 8750-7587.

AMARO-GAHETE, F. J. et al. Assessment of maximal fat oxidation during exercise: A
systematic review. Scandinavian journal of medicine & science in sports, v. 29, n. 7, p.
910-921, 2019. ISSN 0905-7188.

AMATIL F. et al. Skeletal muscle triglycerides, diacylglycerols, and ceramides in insulin
resistance: another paradox in endurance-trained athletes? Diabetes, v. 60, n. 10, p. 2588-
2597, 2011. ISSN 0012-1797.

AMERICAN COLLEGE OF SPORTS, M. ACSM's guidelines for exercise testing and
prescription. Lippincott williams & wilkins, 2013. ISBN 1469826666.

ANDREASSEN, S.; ARENDT-NIELSEN, L. Muscle fibre conduction velocity in motor
units of the human anterior tibial muscle: a new size principle parameter. The Journal of
physiology, v. 391, n. 1, p. 561-571, 1987. ISSN 0022-3751.

ANSLEY, L.; CANGLEY, P. Determinants of “optimal” cadence during cycling. European
Journal of Sport Science, v. 9, n. 2, p. 61-85, 2009. ISSN 1746-1391

BAKER, J. S.; MCCORMICK, M. C.; ROBERGS, R. A. Interaction among Skeletal Muscle
Metabolic Energy Systems during Intense Exercise. Journal of nutrition and metabolism,
v. 2010, p. 905612-905612, 2010a. ISSN 2090-0732

-171 -



BALDWIN, J.; SNOW, R. J.; FEBBRAIO, M. A. Effect of training status and relative
exercise intensity on physiological responses in men. Medicine and science in sports and
exercise, v. 32, n. 9, p. 1648-1654, 2000. ISSN 0195-9131.

BALL-BURNETT, M.; GREEN, H. J.; HOUSTON, M. E. Energy metabolism in human
slow and fast twitch fibres during prolonged cycle exercise. The Journal of physiology, v.
437,n. 1, p. 257-267, 1991. ISSN 0022-3751.

BANGSBO, J. The physiology of soccer--with special reference to intense intermittent
exercise. Acta physiologica Scandinavica. Supplementum, v. 619, p. 1-155, 1994 1994.
ISSN 0302-2994.

BASSETT, D. R.; HOWLEY, E. T. Limiting factors for maximum oxygen uptake and
determinants of endurance performance. Medicine and science in sports and exercise, v.
32,n. 1, p. 70-84, 2000. ISSN 0195-9131.

BELTZ, N. M. et al. Graded exercise testing protocols for the determination of VO2max:
historical perspectives, progress, and future considerations. Journal of sports medicine, v.
2016, 2016. ISSN 2356-7651.

BENEKE, R.; ALKHATIB, A. High cycling cadence reduces carbohydrate oxidation at
given low intensity metabolic rate. Biol Sport, v. 32, n. 1, p. 27-33, Mar 2015. ISSN 0860-
021X (Print)

BERGMAN, B. C.; BROOKS, G. A. Respiratory gas-exchange ratios during graded exercise
in fed and fasted trained and untrained men. Journal of applied physiology, v. 86, n. 2, p.
479-487, 1999. ISSN 1522-1601.

BERGSTROM, J. et al. Diet, muscle glycogen and physical performance. Acta physiologica
scandinavica, v. 71, n. 2-3, p. 140-150, 1967. ISSN 0001-6772.

BERRYMAN, J. W. Exercise is medicine: a historical perspective. Current sports medicine
reports, v. 9, n. 4, p. 195-201, 2010. ISSN 1537-8918.

BESSOT, N. et al. The role of the slope of oxygen consumption and EMG activity on freely
chosen pedal rate selection. European journal of applied physiology, v. 103, n. 2, p. 195-
202, 2008. ISSN 1439-6327.

BIDDLE, S.J. H.; BATTERHAM, A. M. High-intensity interval exercise training for public
health: a big HIT or shall we HIT it on the head? International Journal of Behavioral
Nutrition and Physical Activity, v. 12, n. 1, p. 95,2015/07/18 2015. ISSN 1479-5868.

-172 -



BIEUZEN, F. et al. Muscle activation during cycling at different cadences: effect of
maximal strength capacity. J Electromyogr Kinesiol, v. 17, n. 6, p. 731-8, Dec 2007. ISSN
1050-6411

BILLAT, L. V. Use of blood lactate measurements for prediction of exercise performance
and for control of training. Sports medicine, v. 22, n. 3, p. 157-175, 1996. ISSN 1179-2035.

BISHOP, D. J. et al. High-Intensity Exercise and Mitochondrial Biogenesis: Current
Controversies and Future Research Directions. Physiology, v. 34, n. 1, p. 56-70, 2019/01/01
2018. ISSN 1548-9213.

BLACK, M. I. et al. Muscle metabolic and neuromuscular determinants of fatigue during
cycling in different exercise intensity domains. Journal of Applied Physiology, v. 122, n. 3,
p. 446-459, 2017. ISSN 8750-7587.

BLAIR, S. N. et al. Influences of Cardiorespiratory Fitness and Other Precursors on
Cardiovascular Disease and All-Cause Mortality in Men and Women. JAMA, v. 276, n. 3, p.
205-210, 1996. ISSN 0098-7484.

BLANCHARD, C. M. et al. Feeling state responses to acute exercise of high and low
intensity. Journal of Science and Medicine in Sport, v. 4, n. 1, p. 30-38, 2001. ISSN 1440-
2440.

BOCK, A. V. et al. Studies in muscular activity: IV. The “steady state” and the respiratory
quotient during work. The Journal of Physiology, v. 66, n. 2, p. 162, 1928.

BOGARDUS, C. et al. Effect of muscle glycogen depletion on in vivo insulin action in man.
The Journal of clinical investigation, v. 72, n. 5, p. 1605-1610, 1983. ISSN 0021-9738.

BOGDANIS, G. C. et al. Contribution of phosphocreatine and aerobic metabolism to energy
supply during repeated sprint exercise. Journal of Applied Physiology, v. 80, n. 3, p. 876-
884, 1996/03/01 1996. ISSN 8750-7587.

BONEN, A. et al. Is membrane transport of FFA mediated by lipid, protein, or both?
Mechanisms and regulation of protein-mediated cellular fatty acid uptake: molecular,
biochemical, and physiological evidence. Physiology (Bethesda, Md.), v. 22, p. 15-29,
2007. ISSN 1548-9213.

BORRANI, F. etal. Is the V' o 2 slow component dependent on progressive recruitment of
fast-twitch fibers in trained runners? Journal of Applied Physiology, v. 90, n. 6, p. 2212-
2220, 2001. ISSN 1522-1601.

-173 -



BRENNAN, S. F. etal. The Effect of Cadence on the Mechanics and Energetics of Constant
Power Cycling. Medicine & Science in Sports & Exercise, v. 51, n. 5, 2019. ISSN 0195-
9131.

BRICKSON, S. et al. Pedaling cadence does not affect aerobic performance during an
incremental maximal test among male and female adult cyclists. Journal of Science and
Cycling, 2022. ISSN 2254-7053.

BRISSWALTER, J. et al. Energetically optimal cadence vs. freely-chosen cadence during
cycling: effect of exercise duration. Int J Sports Med, v. 21, n. 1, p. 60-4, Jan 2000a. ISSN
0172-4622

BUCHHEIT, M.; LAURSEN, P. B. High-intensity interval training, solutions to the
programming puzzle. Sports medicine, v. 43, n. 5, p. 313-338, 2013. ISSN 1179-2035.

BULL, F. C. et al. World Health Organization 2020 guidelines on physical activity and
sedentary behaviour. British journal of sports medicine, v. 54, n. 24, p. 1451-1462, 2020.
ISSN 0306-3674.

BORSHEIM, E.; BAHR, R. Effect of Exercise Intensity, Duration and Mode on Post-
Exercise Oxygen Consumption. Sports Medicine, v. 33, n. 14, p. 1037-1060, 2003/12/01
2003. ISSN 1179-2035.

CARTEE, G. D. Mechanisms for greater insulin-stimulated glucose uptake in normal and
insulin-resistant skeletal muscle after acute exercise. American journal of physiology-
endocrinology and metabolism, v. 309, n. 12, p. E949-E959, 2015. ISSN 0193-1849.

CASEY, A. et al. Metabolic response of type I and II muscle fibers during repeated bouts of
maximal exercise in humans. American Journal of Physiology-Endocrinology and
Metabolism, v. 271, n. 1, p. E38-E43, 1996/07/01 1996. ISSN 0193-1849.

CHAVARREN, J.; CALBET, J. A. Cycling efficiency and pedalling frequency in road
cyclists. Eur J Appl Physiol Occup Physiol, v. 80, n. 6, p. 555-63, Nov-Dec 1999. ISSN
0301-5548 (Print)

CHRISTENSEN, N. J.; GALBO, H. Sympathetic nervous activity during exercise. Annual
review of physiology, v. 45, p. 139-153, 1983. ISSN 0066-4278.

COAST, J. R.; COX, R. H.; WELCH, H. G. Optimal pedalling rate in prolonged bouts of
cycle ergometry. Medicine and Science in Sports and Exercise, v. 18, n. 2, p. 225-230,
1986. ISSN 0195-9131.

174 -



COAST, J. R.; WELCH, H. G. Linear increase in optimal pedal rate with increased power
output in cycle ergometry. Eur J Appl Physiol Occup Physiol, v. 53, n. 4, p. 339-42, 1985.
ISSN 0301-5548

COCHRAN, A.J. R. et al. Intermittent and continuous high-intensity exercise training
induce similar acute but different chronic muscle adaptations. Experimental Physiology, v.
99, n. 5, p. 782-791, 2014/05/01 2014. ISSN 0958-0670.

COCKS, M. et al. Sprint interval and endurance training are equally effective in increasing
muscle microvascular density and eNOS content in sedentary males. The Journal of
physiology, v. 591, n. 3, p. 641-656, 2013. ISSN 0022-3751.

COFFEY, V. G.; HAWLEY, J. A. The molecular bases of training adaptation. Sports
medicine, v. 37, n. 9, p. 737-763, 2007. ISSN 1179-2035.

CONSOLAZIO, C. F. etal. Environmental temperature and energy expenditures. Journal of
Applied Physiology, v. 18, n. 1, p. 65-68, 1963. ISSN 8750-7587.

COSTILL, D. L. et al. Glycogen depletion pattern in human muscle fibres during distance
running. Acta physiologica scandinavica, v. 89, n. 3, p. 374-383, 1973. ISSN 0001-6772.

COYLE, E. F. Substrate utilization during exercise in active people. The American journal
of clinical nutrition, v. 61, n. 4, p. 968S-979S, 1995. ISSN 0002-9165.

DAUSSIN, F. N. et al. Effect of interval versus continuous training on cardiorespiratory and
mitochondrial functions: relationship to aerobic performance improvements in sedentary
subjects. American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology, v. 295, n. 1, p. R264-R272, 2008. ISSN 0363-6119.

DEFRONZO, R. A.; TOBIN, J. D.; ANDRES, R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. American Journal of Physiology-
Endocrinology And Metabolism, v. 237, n. 3, p. E214, 1979. ISSN 0193-1849.

DOCHERTY, D.; SPORER, B. A proposed model for examining the interference
phenomenon between concurrent aerobic and strength training. Sports medicine, v. 30, n. 6,
p. 385-394, 2000. ISSN 1179-2035.

DUBOSE, S. N. et al. Effect of exercise and meals on continuous glucose monitor data in
healthy individuals without diabetes. Journal of diabetes science and technology, v. 15, n.
3, p- 593-599, 2021. ISSN 1932-2968.

DUHAMEL, T. A.; PERCO, J. G.; GREEN, H. J. Manipulation of dietary carbohydrates after
prolonged effort modifies muscle sarcoplasmic reticulum responses in exercising males.

-175 -



American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
v.291,n. 4, p. R1100-R1110, 2006. ISSN 0363-6119.

EATON, S. Control of mitochondrial B-oxidation flux. Progress in lipid research, v. 41, n.
3, p. 197-239, 2002. ISSN 0163-7827.

EATON, S. B.; EATON III, S. B. An evolutionary perspective on human physical activity:
implications for health. Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology, v. 136, n. 1, p. 153-159, 2003. ISSN 1095-6433.

EDVARDSEN, E.; HEM, E.; ANDERSSEN, S. A. End criteria for reaching maximal oxygen
uptake must be strict and adjusted to sex and age: a cross-sectional study. PloS one, v. 9, n. 1,
p. 85276, 2014. ISSN 1932-6203.

EGAN, B.; ZIERATH, J. R. Exercise metabolism and the molecular regulation of skeletal
muscle adaptation. Cell Metab, v. 17, n. 2, p. 162-84, Feb 05 2013. ISSN 1932-7420

ERICKSON, M. L.; JENKINS, N. T.; MCCULLY, K. K. Exercise after you eat: hitting the
postprandial glucose target. Frontiers in endocrinology, v. 8, p. 228, 2017. ISSN 1664-
2392.

ERICSON, M. O. et al. Muscular activity during ergometer cycling. Scandinavian journal
of rehabilitation medicine, v. 17, n. 2, p. 53-61, 1985. ISSN 0036-5505.

ESBJORNSSON-LILJEDAHL, M. et al. Metabolic response in type I and type II muscle
fibers during a 30-s cycle sprint in men and women. Journal of Applied Physiology, v. 87,
n. 4, p. 1326-1332, 1999/10/01 1999. ISSN 8750-7587.

ESSEN, B. Intramuscular substrate utilization during prolonged exercise. Annals of the New
York Academy of Sciences, v. 301, p. 30-44, 1977. ISSN 0077-8923.

ESSEN, B.; HAGENFELDT, L.; KAIJSER, L. Utilization of blood-borne and intramuscular
substrates during continuous and intermittent exercise in man. The Journal of Physiology, v.
265, n. 2, p. 489-506, 1977/02/01 1977. ISSN 0022-3751.

ETTEMA, G.; LORAS, H. W. Efficiency in cycling: a review. Eur J Appl Physiol, v. 106,
n. 1, p. 1-14, May 2009. ISSN 1439-6319.

FAIRCHILD, T. J.; FOURNIER, P. A. Glycogen determination using periodic acid-schiff:
artifact of muscle preparation. Medicine and science in sports and exercise, v. 36, n. 12, p.
2053-2058, 2004. ISSN 0195-9131.

-176 -



FARINA, D. et al. Effect of power, pedal rate, and force on average muscle fiber conduction
velocity during cycling. J Appl Physiol (1985), v. 97, n. 6, p. 2035-41, Dec 2004. ISSN
8750-7587

FEIEREISEN, P.; DUCHATEAU, J.; HAINAUT, K. Motor unit recruitment order during
voluntary and electrically induced contractions in the tibialis anterior. Experimental brain
research, v. 114, n. 1, p. 117-123, 1997. ISSN 1432-1106.

FERRETTI, G. et al. The physiology of submaximal exercise: the steady state concept.
Respiratory Physiology & Neurobiology, v. 246, p. 76-85, 2017. ISSN 1569-9048.

FORMENTIL F.; MINETTI, A. E.; BORRANI, F. Pedaling rate is an important determinant
of human oxygen uptake during exercise on the cycle ergometer. Physiol Rep, v. 3, n. 9, Sep
2015. ISSN 2051-817X

FOSS, O.; HALLEN, J. The most economical cadence increases with increasing workload.
Eur J Appl Physiol, v. 92, n. 4-5, p. 443-51, Aug 2004. ISSN 1439-6319

FRIEDLANDER, A. L. et al. Endurance training increases fatty acid turnover, but not fat
oxidation, in young men. Journal of applied Physiology, v. 86, n. 6, p. 2097-2105, 1999.
ISSN 1522-1601.

GAESSER, G. A.; BROOKS, G. A. Muscular efficiency during steady-rate exercise: effects
of speed and work rate. J Appl Physiol, v. 38, n. 6, p. 1132-9, Jun 1975. ISSN 0021-8987

GARBER, C. E. et al. American College of Sports Medicine position stand. Quantity and
quality of exercise for developing and maintaining cardiorespiratory, musculoskeletal, and
neuromotor fitness in apparently healthy adults: guidance for prescribing exercise. Medicine
and science in sports and exercise, v. 43, n. 7, p. 1334-1359, 2011. ISSN 0195-9131.

GEJL, K. D. et al. Local depletion of glycogen with supramaximal exercise in human
skeletal muscle fibres. The Journal of physiology, v. 595, n. 9, p. 2809-2821, 2017. ISSN
0022-3751.

GIBALA, M. J.; LITTLE, J. P. Physiological basis of brief vigorous exercise to improve
health. The Journal of Physiology, v. 598, n. 1, p. 61-69, 2020. ISSN 0022-3751.

GIBALA, M. J. et al. Short-term sprint interval versus traditional endurance training: similar
initial adaptations in human skeletal muscle and exercise performance. The Journal of
physiology, v. 575, n. Pt 3, p. 901-911, 2006. ISSN 0022-3751

GOLLNICK, P. D.; PIEHL, K.; SALTIN, B. Selective glycogen depletion pattern in human
muscle fibres after exercise of varying intensity and at varying pedalling rates. J Physiol, v.
241, n. 1, p. 45-57, Aug 1974. ISSN 0022-3751

-177 -



GONZALEZ,J. T. etal. Liver glycogen metabolism during and after prolonged endurance-
type exercise. American Journal of Physiology-Endocrinology and Metabolism, v. 311, n.
3, p. E543-E553, 2016. ISSN 0193-1849.

GOODPASTER, B. H. et al. Skeletal muscle lipid content and insulin resistance: evidence
for a paradox in endurance-trained athletes. The Journal of Clinical Endocrinology &
Metabolism, v. 86, n. 12, p. 5755-5761, 2001. ISSN 0021-972X.

GORDON, D. et al. The effects of exercise modality on the incidence of plateau at. Clinical
physiology and functional imaging, v. 32, n. 5, p. 394-399, 2012. ISSN 1475-0961.

GOSSELIN, L. E. et al. Metabolic Response of Different High-Intensity Aerobic Interval
Exercise Protocols. The Journal of Strength & Conditioning Research, v. 26, n. 10, 2012.
ISSN 1064-8011.

GOTSHALL, R. W.; BAUER, T. A.; FAHRNER, S. L. Cycling cadence alters exercise
hemodynamics. Int J Sports Med, v. 17, n. 1, p. 17-21, Jan 1996. ISSN 0172-4622

GOWANS, G.J. etal. AMP is a true physiological regulator of AMP-activated protein
kinase by both allosteric activation and enhancing net phosphorylation. Cell metabolism, v.
18, n. 4, p. 556-566, 2013. ISSN 1550-4131.

GRAY, S. R. et al. High-intensity interval training: key data needed to bridge the gap
from laboratory to public health policy: BMJ Publishing Group Ltd and British
Association of Sport and Exercise Medicine. 50: 1231-1232 p. 2016.

GREENHAFF, P. L. et al. Energy metabolism in single human muscle fibres during
intermittent contraction with occluded circulation. The Journal of physiology, v. 460, n. 1,
p. 443-453, 1993. ISSN 0022-3751.

GREER, B. K. et al. EPOC comparison between isocaloric bouts of steady-state aerobic,
intermittent aerobic, and resistance training. Research quarterly for exercise and sport, v.
86, n. 2, p. 190-195, 2015. ISSN 0270-1367.

GREGORY, C. M.; BICKEL, C. S. Recruitment patterns in human skeletal muscle during
electrical stimulation. Physical therapy, v. 85, n. 4, p. 358-364, 2005. ISSN 0031-9023.

GUTHOLD, R. et al. Worldwide trends in insufficient physical activity from 2001 to 2016: a
pooled analysis of 358 population-based surveys with 1-9 million participants. The Lancet
Global Health, v. 6, n. 10, p. €¢1077-e1086, 2018. ISSN 2214109X.

-178 -



HAGBERG, J. M. et al. Effect of pedaling rate on submaximal exercise responses of
competitive cyclists. Journal of applied physiology, v. 51, n. 2, p. 447-451, 1981. ISSN
8750-7587.

HAGG, G. M. Interpretation of EMG spectral alterations and alteration indexes at sustained
contraction. Journal of Applied Physiology, v. 73, n. 4, p. 1211-1217, 1992. ISSN 8750-
7587.

HALL, E. E.; EKKEKAKIS, P.; PETRUZZELLO, S. J. The affective beneficence of
vigorous exercise revisited. British journal of health psychology, v. 7, n. 1, p. 47-66, 2002.
ISSN 1359-107X.

HARDCASTLE, S. J. et al. Why sprint interval training is inappropriate for a largely
sedentary population: Frontiers Media SA. 5: 1505 p. 2014.

HARGREAVES, M. Skeletal muscle metabolism during exercise in humans. Clinical and
Experimental Pharmacology and Physiology, v. 27, n. 3, p. 225-228, 2000. ISSN 0305-
1870.

HARGREAVES, M.; SPRIET, L. L. Skeletal muscle energy metabolism during exercise.
Nature Metabolism, v. 2, n. 9, p. 817-828, 2020. ISSN 2522-5812.

HARRIS, R. C. et al. The time course of phosphorylcreatine resynthesis during recovery of
the quadriceps muscle in man. Pfliigers Archiv, v. 367, n. 2, p. 137-142, 1976. ISSN 1432-
2013.

HAWLEY, J. A.; BROUNS, F.; JEUKENDRUP, A. Strategies to enhance fat utilisation
during exercise. Sports Medicine, v. 25, n. 4, p. 241-257, 1998. ISSN 1179-2035.

HAWLEY, J. A.; MAUGHAN, R. J.; HARGREAVES, M. Exercise metabolism: historical
perspective. Cell metabolism, v. 22, n. 1, p. 12-17, 2015. ISSN 1550-4131.

HAZELL, T.J. etal. 10 or 30-s sprint interval training bouts enhance both aerobic and
anaerobic performance. European Journal of Applied Physiology, v. 110, n. 1, p. 153-160,
2010/09/01 2010. ISSN 1439-6327.

HELGERUD, J. et al. Aerobic high-intensity intervals improve VO~ 2~ m~ a~ x more than
moderate training. Medicine and science in sports and exercise, v. 39, n. 4, p. 665, 2007.
ISSN 0195-9131.

HENDERSON, G. C. et al. Lipolysis and fatty acid metabolism in men and women during
the postexercise recovery period. The Journal of physiology, v. 584, n. 3, p. 963-981, 2007.
ISSN 0022-3751.

-179 -



HENNEMAN, E.; SOMIJEN, G.; CARPENTER, D. O. Functional significance of cell size in
spinal motoneurons. Journal of neurophysiology, v. 28, n. 3, p. 560-580, 1965. ISSN 0022-
3077.

HERMANSEN, L.; HULTMAN, E.; SALTIN, B. Muscle glycogen during prolonged severe
exercise. Acta physiologica scandinavica, v. 71, n. 2-3, p. 129-139, 1967. ISSN 0001-6772.

HERZIG, S.; SHAW, R. J. AMPK: guardian of metabolism and mitochondrial homeostasis.
Nature reviews Molecular cell biology, v. 19, n. 2, p. 121-135, 2018. ISSN 1471-0080.

HILL, A. V_; LUPTON, H. Muscular exercise, lactic acid, and the supply and utilization of
oxygen. QJM: An International Journal of Medicine, n. 62, p. 135-171, 1923. ISSN
1460-2725.

HILL, D. W.; VINGREN, J. L. Pedaling Cadence and the VO2 Response Profile during
Severe Intensity Exercise. Journal of Exercise Physiology Online, v. 23, n. 4, 2020. ISSN
1097-9751.

HOFFMAN, M. D. et al. Does the amount of exercising muscle alter the aecrobic demand of
dynamic exercise? Eur J Appl Physiol Occup Physiol, v. 74, n. 6, p. 541-7, 1996. ISSN
0301-5548 (Print)

0301-5548.

HOLLOSZY, J. O.; KOHRT, W. M. Regulation of carbohydrate and fat metabolism during
and after exercise. Annual review of nutrition, v. 16, n. 1, p. 121-138, 1996. ISSN 0199-
9885.

HOPKER, J. G. et al. The influence of training status, age, and muscle fiber type on cycling
efficiency and endurance performance. Journal of Applied Physiology, v. 115, n. 5, p. 723-
729, 2013. ISSN 8750-7587.

HOROWITZ, J. F.; SIDOSSIS, L. S.; COYLE, E. F. High efficiency of type I muscle fibers
improves performance. International journal of sports medicine, v. 15, n. 03, p. 152-157,
1994. ISSN 0172-4622.

HOVANLOO, F.; AREFIRAD, T.; AHMADIZAD, S. Effects of sprint interval and
continuous endurance training on serum levels of inflammatory biomarkers. Journal of
Diabetes & Metabolic Disorders, v. 12, n. 1, p. 1-5, 2013. ISSN 2251-6581.

HUG, F.; DOREL, S. Electromyographic analysis of pedaling: a review. Journal of
electromyography and Kinesiology, v. 19, n. 2, p. 182-198, 2009. ISSN 1050-6411.

- 180 -



HUGHSON, R. L.; TSCHAKOVSKY, M. E.; HOUSTON, M. E. Regulation of oxygen
consumption at the onset of exercise. Exercise and sport sciences reviews, v. 29, n. 3, p.
129-133, 2001. ISSN 0091-6331.

HULTMAN, E.; BERGSTROM, J.; ANDERSON, N. M. Breakdown and resynthesis of
phosphorylcreatine and adenosine triphosphate in connection with muscular work in man.
Scandinavian journal of clinical and laboratory investigation, v. 19, n. 1, p. 56-66, 1967.
ISSN 0036-5513.

HULTMAN, E.; SPRIET, L. L. Skeletal muscle metabolism, contraction force and glycogen
utilization during prolonged electrical stimulation in humans. The Journal of Physiology, v.
374,n. 1, p. 493-501, 1986. ISSN 0022-3751.

HURLEY, B. F. et al. Muscle triglyceride utilization during exercise: effect of training.
Journal of applied Physiology, v. 60, n. 2, p. 562-567, 1986. ISSN 8750-7587.

ITO, S. High-intensity interval training for health benefits and care of cardiac diseases-the
key to an efficient exercise protocol. World journal of cardiology, v. 11, n. 7, p. 171, 2019.

IVY, J. L. etal. Muscle glycogen synthesis after exercise: effect of time of carbohydrate
ingestion. Journal of applied physiology, v. 64, n. 4, p. 1480-1485, 1988. ISSN 8750-7587.

JACOBS, R. A. et al. Improvements in exercise performance with high-intensity interval
training coincide with an increase in skeletal muscle mitochondrial content and function. J
Appl Physiol (1985), v. 115, n. 6, p. 785-93, Sep 2013. ISSN 0161-7567.

JAMNICK, N. A. et al. Manipulating graded exercise test variables affects the validity of the
lactate threshold and V™ O 2 peak. PloS one, v. 13, n. 7, p. €0199794, 2018. ISSN 1932-
6203.

. An examination and critique of current methods to determine exercise intensity.
Sports Medicine, v. 50, n. 10, p. 1729-1756, 2020. ISSN 1179-2035.

JANSSON, E.; KAIJSER, L. Substrate utilization and enzymes in skeletal muscle of
extremely endurance-trained men. Journal of Applied Physiology, v. 62, n. 3, p. 999-1005,
1987. ISSN 8750-7587.

JELLEYMAN, C. et al. The effects of high-intensity interval training on glucose regulation
and insulin resistance: a meta-analysis. Obesity Reviews, v. 16, n. 11, p. 942-961,
2015/11/01 2015. ISSN 1467-7881.

JENSEN, T. E.; RICHTER, E. A. Regulation of glucose and glycogen metabolism during and
after exercise. The Journal of physiology, v. 590, n. 5, p. 1069-1076, 2012. ISSN 0022-
3751.

- 181 -



JEUKENDRUP, A.; ACHTEN, J. Fatmax: a new concept to optimize fat oxidation during
exercise? European Journal of Sport Science, v. 1, n. 5, p. 1-5, 2001. ISSN 1746-1391.

JEUKENDRUP, A. E. Nutrition for endurance sports: marathon, triathlon, and road cycling.
Food, Nutrition and Sports Performance III, p. 99-108, 2013. ISSN 1315873265.

JEUKENDRUP, A. E.; WALLIS, G. A. Measurement of substrate oxidation during exercise
by means of gas exchange measurements. International journal of sports medicine, v. 26,
n. S 1, p. S28-S37, 2005. ISSN 0172-4622.

JONCKHEERE, A. I.; SMEITINK, J. A. M.; RODENBURG, R. J. T. Mitochondrial ATP
synthase: architecture, function and pathology. Journal of inherited metabolic disease, v.
35,n.2,p. 211-225, 2012. ISSN 1573-2665.

JONES, A. M. et al. Slow component of VO2 kinetics: mechanistic bases and practical
applications. Med Sci Sports Exerc, v. 43, n. 11, p. 2046-62, 2011.

JONES, J. G. An unusual case of back pain. Proceedings of the Royal Society of Medicine,
v. 69, n. 7, p. 499-501, 1976. ISSN 0035-9157.

JOYNER, M. J.; CASEY, D. P. Regulation of increased blood flow (hyperemia) to muscles
during exercise: a hierarchy of competing physiological needs. Physiological reviews, 2015.

JUE, T. et al. Direct observation of glycogen synthesis in human muscle with 13C NMR.
Proceedings of the National Academy of Sciences, v. 86, n. 12, p. 4489-4491, 1989. ISSN
0027-8424.

JUNG, C. M. et al. Energy expenditure during sleep, sleep deprivation and sleep following
sleep deprivation in adult humans. Journal of Physiology-London, v. 589, n. 1, p. 235-244,
Jan 2011. ISSN 0022-3751.

JUNG, M. E. et al. High-Intensity Interval Training as an Efficacious Alternative to
Moderate-Intensity Continuous Training for Adults with Prediabetes. Journal of Diabetes
Research, v. 2015, p. 191595, 2015/03/30 2015. ISSN 2314-6745.

KANG, J. et al. Effect of exercise intensity on glucose and insulin metabolism in obese
individuals and obese NIDDM patients. Diabetes care, v. 19, n. 4, p. 341-349, 1996. ISSN
0149-5992.

KATCH, V. et al. Validity of the relative percent concept for equating training intensity.
European journal of applied physiology and occupational physiology, v. 39, n. 4, p. 219-
227, 1978. ISSN 1439-6327.

- 182 -



KILPATRICK, M. W.; JUNG, M. E.; LITTLE, J. P. HIGH-INTENSITY INTERVAL
TRAINING: A Review of Physiological and Psychological Responses. ACSM's Health &
Fitness Journal, v. 18, n. 5, 2014. ISSN 1091-5397. >.

KJAER, M. et al. Glucoregulation and hormonal responses to maximal exercise in non-
insulin-dependent diabetes. Journal of Applied Physiology, v. 68, n. 5, p. 2067-2074, 1990.
ISSN 8750-7587.

KOMI, P. V. et al. Force and EMG power spectrum during eccentric and concentric actions.
Medicine and Science in sports and Exercise, v. 32, n. 10, p. 1757-1762, 2000. ISSN
0195-9131.

KOUNALAKIS, S. N.; GELADAS, N. D. Cardiovascular drift and cerebral and muscle
tissue oxygenation during prolonged cycling at different pedalling cadences. Appl Physiol
Nutr Metab, v. 37, n. 3, p. 407-17, Jun 2012. ISSN 1715-5312

KRAEMER, F. B.; SHEN, W.-J. Hormone-sensitive lipase. Journal of lipid research, v. 43,
n. 10, p. 1585-1594, 2002. ISSN 0022-2275.

KRAEMER, W. J. et al. American College of Sports Medicine position stand. Progression
models in resistance training for healthy adults. Medicine and science in sports and
exercise, v. 34, n. 2, p. 364-380, 2002. ISSN 0195-9131.

KRISTENSEN, D. E. et al. Human muscle fibre type-specific regulation of AMPK and
downstream targets by exercise. The Journal of Physiology, v. 593, n. 8, p. 2053-2069,
2015/04/15 2015. ISSN 0022-3751.

KROGH, A.; LINDHARD, J. The changes in respiration at the transition from work to rest.
The Journal of physiology, v. 53, n. 6, p. 431-439, 1920. ISSN 0022-3751

LAFORGIA, J.; WITHERS, R. T.; GORE, C. J. Effects of exercise intensity and duration on
the excess post-exercise oxygen consumption. Journal of sports sciences, v. 24, n. 12, p.
1247-1264, 2006. ISSN 0264-0414.

LANSLEY, K. E. etal. A ‘new’method to normalise exercise intensity. International
journal of sports medicine, v. 32, n. 07, p. 535-541, 2011. ISSN 0172-4622.

LEPERS, R.; MILLET, G. Y.; MAFFIULETTI, N. A. Effect of cycling cadence on
contractile and neural properties of knee extensors. Medicine and science in sports and
exercise, v. 33, n. 11, p. 1882-1888, 2001. ISSN 0195-9131.

LIU, J.-X. et al. Effectiveness of high-intensity interval training on glycemic control and
cardiorespiratory fitness in patients with type 2 diabetes: a systematic review and meta-

- 183 -



analysis. Aging clinical and experimental research, v. 31, n. 5, p. 575-593, 2019. ISSN
1720-8319.

LOHER, H. et al. The flexibility of ectopic lipids. International journal of molecular
sciences, v. 17, n. 9, p. 1554, 2016. ISSN 1422-0067.

LORENZO, S.; BABB, T. G. Oxygen cost of breathing and breathlessness during exercise in
nonobese women and men. Med Sci Sports Exerc, v. 44, n. 6, p. 1043-8, Jun 2012. ISSN
0195-9131.

LUCIA, A. et al. Kinetics of VO(2) in professional cyclists. Medicine and science in sports
and exercise, v. 34, n. 2, p. 320-325, 2002/02// 2002. ISSN 0195-9131.

LUDEN, N. et al. Skeletal muscle plasticity with marathon training in novice runners.
Scandinavian journal of medicine & science in sports, v. 22, n. 5, p. 662-670, 2012. ISSN
0905-7188.

LUNDBY, C.; JACOBS, R. A. Adaptations of skeletal muscle mitochondria to exercise
training. Experimental Physiology, v. 101, n. 1, p. 17-22, 2016/01/01 2016. ISSN 0958-
0670.

LUNDSGAARD, A.-M.; FRITZEN, A. M.; KIENS, B. Molecular regulation of fatty acid
oxidation in skeletal muscle during aerobic exercise. Trends in Endocrinology &
Metabolism, v. 29, n. 1, p. 18-30, 2018. ISSN 1043-2760.

. The importance of fatty acids as nutrients during post-exercise recovery. Nutrients,
v. 12, n. 2, p. 280, 2020. ISSN 2072-6643.

LUTTIKHOLT, H.; JONES, A. M. Effect of protocol on peak power output in continuous
incremental cycle exercise tests. European Journal of Applied Physiology, v. 122, n. 3, p.
757-768, 2022. ISSN 1439-6327.

LUTTIKHOLT, H. et al. A prediction model for peak power output from different
incremental exercise tests. International Journal of Sports Physiology and Performance,
v. 1,n. 2, p. 122-136, 2006. ISSN 1555-0273.

MACINNIS, M. J.; GIBALA, M. J. Physiological adaptations to interval training and the role
of exercise intensity. The Journal of Physiology, v. 595, n. 9, p. 2915-2930, 2017/05/01
2017. ISSN 0022-3751.

MACINTOSH, B. R.; NEPTUNE, R. R.; HORTON, J. F. Cadence, power, and muscle
activation in cycle ergometry. Medicine and science in sports and exercise, v. 32, n. 7, p.
1281-1287, 2000. ISSN 0195-9131.

- 184 -



MACPHERSON, R. E. et al. Run sprint interval training improves aerobic performance but
not maximal cardiac output. Med Sci Sports Exerc, v. 43, n. 1, p. 115-22, Jan 2011. ISSN
0195-9131.

MAGKOS, F. et al. Improved insulin sensitivity after a single bout of exercise is
curvilinearly related to exercise energy expenditure. Clinical Science, v. 114, n. 1, p. 59-64,
2008. ISSN 0143-5221.

MALATESTA, D. et al. Effect of high-intensity interval exercise on lipid oxidation during
postexercise recovery. Medicine+ Science in Sports+ Exercise, v. 41, n. 2, p. 364, 2009.
ISSN 0195-9131.

MANN, S. et al. Changes in insulin sensitivity in response to different modalities of
exercise: a review of the evidence. Diabetes/metabolism research and reviews, v. 30, n. 4,
p. 257-268, 2014. ISSN 1520-7552.

MARQUES, A. et al. Prevalence of physical activity in European adults—compliance with
the World Health Organization's physical activity guidelines. Preventive medicine, v. 81, p.
333-338, 2015. ISSN 0091-7435.

MARSH, A. P.; MARTIN, P. E.; FOLEY, K. O. Effect of cadence, cycling experience, and
aerobic power on delta efficiency during cycling. Medicine and Science in Sports and
Exercise, v. 32, n. 9, p. 1630-1634, 2000a. ISSN 0195-9131.

. Effect of cadence, cycling experience, and aerobic power on delta efficiency during
cycling. Medicine & Science in Sports & Exercise, p. 1630-1634, 2000b. ISSN 0195-9131.

MARTIN 3RD, W. H. et al. Effect of endurance training on plasma free fatty acid turnover
and oxidation during exercise. American Journal of Physiology-Endocrinology And
Metabolism, v. 265, n. 5, p. E708-E714, 1993. ISSN 0193-1849.

MARTINEZ-REYES, 1.; CHANDEL, N. S. Mitochondrial TCA cycle metabolites control
physiology and disease. Nature communications, v. 11, n. 1, p. 1-11, 2020. ISSN 2041-
1723.

MASTORAKOS, G. et al. Exercise and the stress system. Hormones (Athens), v. 4, n. 2, p.
73-89, 2005.

MATER, A.; CLOS, P.; LEPERS, R. Effect of Cycling Cadence on Neuromuscular Function:
A Systematic Review of Acute and Chronic Alterations. International Journal of
Environmental Research and Public Health, v. 18, n. 15, p. 7912, 2021.

- 185 -



MATSUO, T. et al. Cardiorespiratory fitness level correlates inversely with excess post-
exercise oxygen consumption after aerobic-type interval training. BMC research notes, v. 5,
n. 1, p. 1-4, 2012. ISSN 1756-0500.

MAUNDER, E.; PLEWS, D. J.; KILDING, A. E. Contextualising maximal fat oxidation
during exercise: determinants and normative values. Frontiers in Physiology, v. 9, p. 599,
2018. ISSN 1664-042X.

MELANSON, E. L. et al. Effect of exercise intensity on 24-h energy expenditure and
nutrient oxidation. Journal of applied physiology, 2002.

MEYER, T.; GABRIEL, H. H.; KINDERMANN, W. Is determination of exercise intensities
as percentages of VO2max or HRmax adequate? Medicine and science in sports and
exercise, v. 31, n. 9, p. 1342-1345, 1999. ISSN 0195-9131.

MIKINES, K. J. et al. Effect of physical exercise on sensitivity and responsiveness to insulin
in humans. American Journal of Physiology-Endocrinology And Metabolism, v. 254, n.
3, p. E248-E259, 1988. ISSN 0193-1849.

MILLER, W. C.; KOCEJA, D. M.; HAMILTON, E. J. A meta-analysis of the past 25 years
of weight loss research using diet, exercise or diet plus exercise intervention. International
journal of obesity, v. 21, n. 10, p. 941-947, 1997. ISSN 1476-5497.

MITCHELL, N. S. et al. Obesity: Overview of an Epidemic. Psychiatric Clinics of North
America, v. 34, n. 4, p. 717-732,2011/12/01/2011. ISSN 0193-953X.

MOGENSEN, M. et al. Cycling efficiency in humans is related to low UCP3 content and to
type I fibres but not to mitochondrial efficiency. J Physiol, v. 571, n. Pt 3, p. 669-81, Mar 15
2006. ISSN 0022-3751

MONIZ, S. C.; ISLAM, H.; HAZELL, T. J. Mechanistic and methodological perspectives on
the impact of intense interval training on post-exercise metabolism. Scandinavian Journal
of Medicine & Science in Sports, v. 30, n. 4, p. 638-651, 2020/04/01 2020. ISSN 0905-
7188.

MORO, C.; BAJPEY], S.; SMITH, S. R. Determinants of intramyocellular triglyceride
turnover: implications for insulin sensitivity. American Journal of Physiology-
Endocrinology and Metabolism, v. 294, n. 2, p. E203-E213, 2008. ISSN 0193-1849.

MUNIYAPPA, R. et al. Current approaches for assessing insulin sensitivity and resistance in
vivo: advantages, limitations, and appropriate usage. American Journal of Physiology-
Endocrinology and Metabolism, v. 294, n. 1, p. E15-E26, 2008. ISSN 0193-1849.

- 186 -



MUSCAT, K. M. et al. Physiological and perceptual responses to incremental exercise
testing in healthy men: effect of exercise test modality. Applied physiology, nutrition, and
metabolism, v. 40, n. 11, p. 1199-1209, 2015. ISSN 1715-5312.

MUNOZ FABRA, E. et al. A comprehensive review of continuous glucose monitoring
accuracy during exercise periods. Sensors, v. 21, n. 2, p. 479, 2021. ISSN 1424-8220.

MYERS, J.; BELLIN, D. Ramp exercise protocols for clinical and cardiopulmonary exercise
testing. Sports Medicine, v. 30, n. 1, p. 23-29, 2000. ISSN 1179-2035.

NASSIS, G. P.; GELADAS, N. D. Cardiac output decline in prolonged dynamic exercise is
affected by the exercise mode. Pfliigers Archiv, v. 445, n. 3, p. 398-404, 2002. ISSN 1432-
2013.

NIELSEN, J. et al. Human skeletal muscle glycogen utilization in exhaustive exercise: role
of subcellular localization and fibre type. The Journal of physiology, v. 589, n. 11, p. 2871-
2885, 2011. ISSN 0022-3751.

. Subcellular localization-dependent decrements in skeletal muscle glycogen and
mitochondria content following short-term disuse in young and old men. American Journal
of Physiology-Endocrinology and Metabolism, v. 299, n. 6, p. E1053-E1060, 2010. ISSN
0193-1849.

NIELSEN, J.; ORTENBLAD, N. Physiological aspects of the subcellular localization of
glycogen in skeletal muscle. Applied physiology, nutrition, and metabolism, v. 38, n. 2, p.
91-99, 2013. ISSN 1715-5312.

NOAKES, T. D. Challenging beliefs: ex Africa semper aliquid novi. Medicine and Science
in Sports and Exercise, v. 29, p. 571-590, 1997. ISSN 0195-9131.

NORMAN, B.; SOLLEVI, A.; JANSSON, E. Increased IMP content in glycogen-depleted
muscle fibres during submaximal exercise in man. Acta physiologica scandinavica, v. 133,
n. 1, p. 97-100, 1988. ISSN 0001-6772.

NORTON, K.; NORTON, L.; SADGROVE, D. Position statement on physical activity and
exercise intensity terminology. Journal of Science and Medicine in Sport, v. 13, n. 5, p.
496-502, 2010/09/01/2010. ISSN 1440-2440.

OSBORNE, M. A.; SCHNEIDER, D. A. Muscle glycogen reduction in man: relationship
between surface EMG activity and oxygen uptake kinetics during heavy exercise. Exp
Physiol, v. 91, n. 1, p. 179-89, Jan 2006. ISSN 0958-0670

- 187 -



PATTERSON, R. P.; PEARSON, J. L.; FISHER, S. V. The influence of flywheel weight and
pedalling frequency on the biomechanics and physiological responses to bicycle exercise.
Ergonomics, v. 26, n. 7, p. 659-668, 1983. ISSN 0014-0139.

PETTE, D.; PEUKER, H.; STARON, R. S. The impact of biochemical methods for single
muscle fibre analysis. Acta Physiologica Scandinavica, v. 166, n. 4, p. 261-277, 1999.
ISSN 0001-6772.

PHILLIPS, S. M. et al. Effects of training duration on substrate turnover and oxidation
during exercise. Journal of applied physiology, v. 81, n. 5, p. 2182-2191, 1996. ISSN
1522-1601.

PLOTKIN, D. L. et al. Muscle fiber type transitions with exercise training: shifting
perspectives. Sports, v. 9, n. 9, p. 127, 2021. ISSN 2075-4663.

RICHARDS, J. C. et al. Short-term sprint interval training increases insulin sensitivity in
healthy adults but does not affect the thermogenic response to B-adrenergic stimulation. The
Journal of physiology, v. 588, n. 15, p. 2961-2972, 2010. ISSN 0022-3751.

RICHTER, E. A. et al. Effect of exercise on insulin action in human skeletal muscle.
Journal of applied physiology, v. 66, n. 2, p. 876-885, 1989. ISSN 8750-7587.

ROBERGS, R. A.; GHIASVAND, F.; PARKER, D. Biochemistry of exercise-induced
metabolic acidosis. American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, 2004.

ROEPSTORFF, C. et al. Malonyl-CoA and carnitine in regulation of fat oxidation in human

skeletal muscle during exercise. American Journal of Physiology-Endocrinology and
Metabolism, v. 288, n. 1, p. E133-E142, 2005. ISSN 0193-1849.

ROMIJN, J. A. et al. Regulation of endogenous fat and carbohydrate metabolism in relation
to exercise intensity and duration. American Journal of Physiology-Endocrinology And
Metabolism, v. 265, n. 3, p. E380-E391, 1993. ISSN 0193-1849.

ROTHSCHILD, J. A. et al. Factors influencing substrate oxidation during submaximal
cycling: a modelling analysis. Sports Medicine, p. 1-21, 2022. ISSN 1179-2035.

RUEGSEGGER, G. N.; BOOTH, F. W. Health Benefits of Exercise. Cold Spring Harb
Perspect Med, v. 8, n. 7, Jul 2 2018. ISSN 2157-1422

SALE, D. G. Influence of exercise and training on motor unit activation. Exercise and sport
sciences reviews, v. 15, p. 95-151, 1987. ISSN 0091-6331.

- 188 -



SALTIN, B. et al. Skeletal muscle blood flow in humans and its regulation during exercise.
Acta physiologica Scandinavica, v. 162, n. 3, p. 421-436, 1998. ISSN 0001-6772.

SALTVEDT, L. et al. Quality improvement in hip fracture care. European Geriatric
Medicine, v. 6, p. S159-S160, 2015. ISSN 1878-7649. =>.

SARRE, G.; LEPERS, R. Neuromuscular function during prolonged pedalling exercise at
different cadences. Acta Physiol Scand, v. 185, n. 4, p. 321-8, Dec 2005. ISSN 0001-6772

SARRE, G. et al. Influence of cycling cadence on neuromuscular activity of the knee
extensors in humans. Eur J Appl Physiol, v. 88, n. 4-5, p. 476-9, Jan 2003. ISSN 1439-6319

SCHARHAG-ROSENBERGER, F. et al. Exercise at given percentages of VO2max:
heterogeneous metabolic responses between individuals. Journal of science and medicine in
sport, v. 13, n. 1, p. 74-79, 2010. ISSN 1440-2440.

SCHEUERMANN, B. W. et al. The slow component of O2 uptake is not accompanied by
changes in muscle EMG during repeated bouts of heavy exercise in humans. The Journal of
physiology, v. 531, n. 1, p. 245-256, 2001. ISSN 0022-3751.

SCHMALBRUCH, H.; KAMIENIECKA, Z. Fiber types in the human brachial biceps
muscle. Experimental neurology, v. 44, n. 2, p. 313-328, 1974. ISSN 0014-4886.

SCOTT, C. Misconceptions about Aerobic and Anaerobic Energy Expenditure. Journal of
the International Society of Sports Nutrition, v. 2, n. 2, p. 32, 2005/12/01 2005. ISSN
1550-2783.

SCOTT, W.; STEVENS, J.; BINDER-MACLEOD, S. A. Human skeletal muscle fiber type
classifications. Physical therapy, v. 81, n. 11, p. 1810-1816, 2001. ISSN 0031-9023.

SCRIBBANS, T. D. et al. Fibre-Specific Responses to Endurance and Low Volume High
Intensity Interval Training: Striking Similarities in Acute and Chronic Adaptation. PLOS
ONE, v. 9, n. 6, p. 98119, 2014.

SEILER, S. et al. Adaptations to aerobic interval training: interactive effects of exercise
intensity and total work duration. Scandinavian Journal of Medicine & Science in Sports,
v.23,n. 1, p. 74-83,2013/02/01 2013. ISSN 0905-7188.

SERRANO, N. et al. Extraordinary fast-twitch fiber abundance in elite weightlifters. PLoS
One, v. 14, n. 3, p. €0207975, 2019. ISSN 1932-6203.

SHASTRI, L. et al. Skeletal muscle oxygenation during cycling at different power output
and cadence. Physiological Reports, v. 7, n. 3, p. €13963, 2019. ISSN 2051-817X.

- 189 -



SHERMAN, W. M. et al. Effect of exercise-diet manipulation on muscle glycogen and its
subsequent utilization during performance. International journal of sports medicine, v. 2,
n. 02, p. 114-118, 1981. ISSN 0172-4622.

SIDOSSIS, L. S. et al. Regulation of plasma fatty acid oxidation during low-and high-
intensity exercise. American Journal of Physiology-Endocrinology And Metabolism, v.
272, n. 6, p. E1065-E1070, 1997. ISSN 0193-1849.

SIEBENMANN, C. et al. Cardiac output during exercise: A comparison of four methods.
Scandinavian Journal of Medicine & Science in Sports, v. 25, n. 1, p. €20-¢27, 2015/02/01
2015. ISSN 0905-7188.

SIMONEAU, J. A. et al. Skeletal muscle glycolytic and oxidative enzyme capacities are
determinants of insulin sensitivity and muscle composition in obese women. The FASEB
Journal, v. 9, n. 2, p. 273-278, 1995. ISSN 0892-6638.

SKELLY, L. E. et al. High-intensity interval exercise induces 24-h energy expenditure
similar to traditional endurance exercise despite reduced time commitment. Applied
physiology, nutrition, and metabolism, v. 39, n. 7, p. 845-848, 2014. ISSN 1715-5312.

SPRIET, L. L. Anaerobic metabolism in human skeletal muscle during short-term, intense
activity. Canadian journal of physiology and pharmacology, v. 70, n. 1, p. 157-165, 1992.
ISSN 0008-4212.

. New insights into the interaction of carbohydrate and fat metabolism during
exercise. Sports medicine, v. 44, n. 1, p. 87-96, 2014. ISSN 1179-2035.

STANDLEY, R. A. et al. Effects of beta-hydroxy-beta-methylbutyrate on skeletal muscle
mitochondrial content and dynamics, and lipids after 10 days of bed rest in older adults. J
Appl Physiol (1985), v. 123, n. 5, p. 1092-1100, Nov 01 2017. ISSN 0161-7567.

STARRITT, E. C.; ANGUS, D.; HARGREAVES, M. Effect of short-term training on
mitochondrial ATP production rate in human skeletal muscle. Journal of Applied
Physiology, v. 86, n. 2, p. 450-454, 1999. ISSN 1522-1601.

STEPHENS, F. B. Does skeletal muscle carnitine availability influence fuel selection during
exercise? Proceedings of the Nutrition Society, v. 77, n. 1, p. 11-19, 2018. ISSN 0029-
6651.

SVEDAHL, K.; MACINTOSH, B. R. Anaerobic threshold: the concept and methods of
measurement. Canadian journal of applied physiology, v. 28, n. 2, p. 299-323, 2003. ISSN
1066-7814.

- 190 -



SWAIN, D. P. et al. Target heart rates for the development of cardiorespiratory fitness.
Medicine and science in sports and exercise, v. 26, n. 1, p. 112-116, 1994. ISSN 0195-
9131.

SWAIN, D. P.; WRIGHT, R. L. Prediction of VO2peak from submaximal cycle ergometry
using 50 versus 80 rpm. Medicine and science in sports and exercise, v. 29, n. 2, p. 268-
272, 1997. ISSN 0195-9131.

SWIFT, D. L. et al. The role of exercise and physical activity in weight loss and
maintenance. Progress in cardiovascular diseases, v. 56, n. 4, p. 441-447, 2014. ISSN
0033-0620.

TABATA, L. etal. Effects of moderate-intensity endurance and high-intensity intermittent
training on anaerobic capacity and VO2max. Med Sci Sports Exerc, v. 28, n. 10, p. 1327-30,
Oct 1996. ISSN 0195-9131

TAKAISHI, T. et al. Changes in blood volume and oxygenation level in a working muscle
during a crank cycle. Medicine and science in sports and exercise, v. 34, n. 3, p. 520-528,
2002. ISSN 0195-9131.

TAN, R. et al. Skeletal muscle fiber-type-specific changes in markers of capillary and
mitochondrial content after low-volume interval training in overweight women.
Physiological Reports, v. 6, n. 5, p. €¢13597, 2018/03/01 2018. ISSN 2051-817X.

TAYLOR, A.; STEPHENS, J. A. Study of human motor unit contractions by controlled
intramascular microstimulation. Brain research, v. 117, n. 2, p. 331-335, 1976. ISSN 0006-
8993.

TAYLOR, H. L.; BUSKIRK, E.; HENSCHEL, A. Maximal oxygen intake as an objective
measure of cardio-respiratory performance. Journal of applied physiology, v. 8, n. 1, p. 73-
80, 1955. ISSN 8750-7587.

TAYLOR, J. L.; GANDEVIA, S. C. A comparison of central aspects of fatigue in
submaximal and maximal voluntary contractions. Journal of Applied Physiology, v. 104, n.
2, p. 542-550,2008/02/01 2008. ISSN 8750-7587.

TESCH, P. A.; KARLSSON, J. Muscle fiber types and size in trained and untrained muscles
of elite athletes. Journal of Applied Physiology, v. 59, n. 6, p. 1716-1720, 1985. ISSN
8750-7587.

TETSUOQ, T. et al. Optimal pedaling rate estimated from neuromuscular fatigue for cyclists.
Medicine & Science in Sports & Exercise, v. 28, n. 12, p. 1492-1497, 1996.

- 191 -



TRAPPE, S. et al. Single muscle fiber adaptations with marathon training. Journal of
applied physiology, v. 101, n. 3, p. 721-727, 2006. ISSN 8750-7587.

TUCKER, W. J.; ANGADL S. S.; GAESSER, G. A. Excess Postexercise Oxygen
Consumption After High-Intensity and Sprint Interval Exercise, and Continuous Steady-State
Exercise. Journal of Strength and Conditioning Research, v. 30, n. 11, p. 3090-3097, //
2016.

VAN LOON, L. J. et al. The effects of increasing exercise intensity on muscle fuel
utilisation in humans. The Journal of physiology, v. 536, n. Pt 1, p. 295-304, 2001. ISSN
0022-3751

VAN LOON, L. J. C. Use of intramuscular triacylglycerol as a substrate source during
exercise in humans. Journal of applied physiology, v. 97, n. 4, p. 1170-1187, 2004. ISSN
8750-7587.

VAN LOON, L. J. C. etal. The effects of increasing exercise intensity on muscle fuel
utilisation in humans. The Journal of physiology, v. 536, n. 1, p. 295-304, 2001. ISSN
0022-3751.

. Intramyocellular lipids form an important substrate source during moderate intensity
exercise in endurance-trained males in a fasted state. The Journal of physiology, v. 553, n.
2, p. 611-625, 2003. ISSN 0022-3751.

VENABLES, M. C.; ACHTEN, J.; JEUKENDRUP, A. E. Determinants of fat oxidation
during exercise in healthy men and women: a cross-sectional study. Journal of Applied
Physiology, v. 98, n. 1, p. 160-167, 2005/01/01 2005. ISSN 8750-7587.

VERCRUYSSEN, F.; MISSENARD, O.; BRISSWALTER, J. Relationship between oxygen
uptake slow component and surface EMG during heavy exercise in humans: influence of
pedal rate. J Electromyogr Kinesiol, v. 19, n. 4, p. 676-84, Aug 2009. ISSN 1873-5711

VIANA, R. B. et al. Can We Draw General Conclusions from Interval Training Studies?
Sports Medicine, v. 48, n. 9, p. 2001-2009, 2018/09/01 2018. ISSN 1179-2035.

VIGH-LARSEN, J. F. et al. Muscle glycogen metabolism and high-intensity exercise
performance: a narrative review. Sports Medicine, v. 51, n. 9, p. 1855-1874, 2021. ISSN
1179-2035.

VIGH-LARSEN, J. F. et al. Fibre type and localisation-specific muscle glycogen utilisation
during repeated high-intensity intermittent exercise. The Journal of Physiology, 2022. ISSN
0022-3751.

-192 -



VINA, J. et al. Exercise acts as a drug; the pharmacological benefits of exercise. British
journal of pharmacology, v. 167, n. 1, p. 1-12, 2012. ISSN 0007-1188.

VOLLESTAD, M. K.; VAAGE, O. D. D.; HERMANSEN, L. Muscle glycogen depletion
patterns in type I and subgroups of type II fibres during prolonged severe exercise in man:
Glycogen depletion in muscle fibres during exercise. Acta Physiologica Scandinavica, v.
122, n. 4, p. 433-441, 1984. ISSN 0001-6772.

VOLLESTAD, N. K.; BLOM, P. C. S. Effect of varying exercise intensity on glycogen
depletion in human muscle fibres. Acta Physiologica Scandinavica, v. 125, n. 3, p. 395-405,
1985. ISSN 0001-6772.

WARBURTON, D. E. R. et al. Blood volume expansion and cardiorespiratory function:
effects of training modality. Medicine and science in sports and exercise, v. 36, n. 6, p.
991-1000, 2004/06// 2004. ISSN 0195-9131.

WASSERMAN, D. H. Regulation of glucose fluxes during exercise in the postabsorptive
state. Annual review of physiology, v. 57, n. 1, p. 191-218, 1995. ISSN 0066-4278.

WASSERMAN, K.; VAN KESSEL, A. L.; BURTON, G. G. Interaction of physiological
mechanisms during exercise. Journal of applied physiology, v. 22, n. 1, p. 71-85, 1967.
ISSN 8750-7587.

WATT, M. J. etal. Intramuscular triacylglycerol, glycogen and acetyl group metabolism
during 4 h of moderate exercise in man. The Journal of physiology, v. 541, n. Pt 3, p. 969-
978, 2002. ISSN 0022-3751

WATT, M. J.; HEIGENHAUSER, G. J. F.; SPRIET, L. L. Intramuscular triacylglycerol
utilization in human skeletal muscle during exercise: is there a controversy? Journal of
Applied Physiology, v. 93, n. 4, p. 1185-1195, 2002. ISSN 1522-1601.

WELCH, C. A. Linear increase in optimal pedal rate with increased power output in cycle
ergometry. European Journal of Applied Physiology and Occupational Physiology, v. 53,
n. 4, p. 339-342, 1985. ISSN 0301-5548

WEN, D. et al. Effects of different protocols of high intensity interval training for VO2max
improvements in adults: A meta-analysis of randomised controlled trials. Journal of Science
and Medicine in Sport, v. 22, n. 8, p. 941-947,2019/08/01/ 2019. ISSN 1440-2440.

WHIPP, B. J.; WASSERMAN, K. Oxygen uptake kinetics for various intensities of constant-
load work. Journal of applied physiology, v. 33, n. 3, p. 351-356, 1972. ISSN 8750-7587.

-193 -



WILLIAMS, C. B. et al. Changes in mechanisms proposed to mediate fat loss following an
acute bout of high-intensity interval and endurance exercise. Applied Physiology, Nutrition,
and Metabolism, v. 38, n. 12, p. 1236-1244, 2013. ISSN 1715-5312.

WILSON, J. M. et al. The effects of endurance, strength, and power training on muscle fiber
type shifting. The Journal of Strength & Conditioning Research, v. 26, n. 6, p. 1724-1729,
2012. ISSN 1064-8011.

WISLOFF, U.; ELLINGSEN, @.; KEMI, O. J. High-intensity interval training to maximize
cardiac benefits of exercise training? Exerc Sport Sci Rev, v. 37, n. 3, p. 139-46, Jul 2009.
ISSN 0091-6331.

WISL@FF, U. et al. Superior Cardiovascular Effect of Aerobic Interval Training Versus
Moderate Continuous Training in Heart Failure Patients. Circulation, v. 115, n. 24, p. 3086-
3094, 2007/06/19 2007.

ZAFEIRIDIS, A. et al. Global Metabolic Stress of Isoeffort Continuous and High Intensity
Interval Aerobic Exercise: A Comparative |H NMR Metabonomic Study. Journal of
Proteome Research, v. 15, n. 12, p. 4452-4463, 2016/12/02 2016. ISSN 1535-3893.

ZHAOQ, R. Z. et al. Mitochondrial electron transport chain, ROS generation and uncoupling.
International journal of molecular medicine, v. 44, n. 1, p. 3-15, 2019. ISSN 1107-3756.

ZIERATH, J. R.; WALLBERG-HENRIKSSON, H. Looking ahead perspective: where will
the future of exercise biology take us? Cell metabolism, v. 22, n. 1, p. 25-30, 2015. ISSN
1550-4131.

ZOLADZ,J. A.; RADEMAKER, A. C.; SARGEANT, A. J. Human muscle power generating
capability during cycling at different pedalling rates. Exp Physiol, v. 85, n. 1, p. 117-24, Jan
2000. ISSN 0958-0670

ZORGATI H. et al. Effect of pedaling cadence on muscle oxygenation during high-intensity
cycling until exhaustion: a comparison between untrained subjects and triathletes. Eur J
Appl Physiol, v. 115, n. 12, p. 2681-9, Dec 2015. ISSN 1439-6319.

ZOUHAL, H. et al. Catecholamines and the effects of exercise, training and gender. Sports
medicine, v. 38, n. 5, p. 401-423, 2008. ISSN 1179-2035.

ZUNIGA, J. M. et al. Metabolic parameters for ramp versus step incremental cycle
ergometer tests. Applied Physiology, Nutrition, and Metabolism, v. 37, n. 6, p. 1110-1117,
2012. ISSN 1715-5312.

ORTENBLAD, N.; WESTERBLAD, H.; NIELSEN, J. Muscle glycogen stores and fatigue.
The Journal of physiology, v. 591, n. 18, p. 4405-4413, 2013. ISSN 0022-3751.

- 194 -



Appendices

- 195 -



Appendix 1: Ethical approval Experiment I

Dr Donal O'Gorman
School of Health and Human Performance

21st May 2014

REC Reference: DCUREC/2014/098

Proposal Title: Crosstalk between muscle and adipose tissue: effect of
exercise intensity

Applicants: Dr Donal O’Gorman, Dr Francois Crampes, Dr Isabelle De
Glisezinski

Dear Donal,
Further to review, the DCU Research Ethics Committee approves this research
proposal. Materials used to recruit participants should note that ethical approval for

this project has been obtained from the Dublin City University Research Ethics
Committee. Should substantial modifications to the research protocol be required at a

Yours sincerely,

later stage, a further submission should be made to the REC.
4 :E t
D(B

Research & Innovation

?9;4,[ O' Motz
Dr. Donal O'Mathuna

Chairperson
DCU Research Ethics Committee

Taighde & Nuilaiocht Tacalocht
Ollscoil Chathair Bhaile Atha Cliath,
Baile Atha Cliath, Eire

Research & Innovation Support
Dublin City University,
Dublin g, Ireland

T+3531700 8000
F+3531700 8002
Eresearch@dculde
www.dcu.ie

- 196 -



Appendix 2: Ethical approval Experiment II

Dublin City University

Dr Donal O’Gorman
School of Health and Human Performance

3" May 2016

REC Reference: DCUREC/2016/054

Proposal Title: The influence of contraction frequency on oxygen uptake
and power output

Applicant(s): Dr Donal O’Gorman, Mr Enda Murphy, Dr Javier Monedero
& Mr John Noone

Dear Donal,

Further to expedited review, the DCU Research Ethics Committee approves this
research proposal.

Materials used to recruit participants should note that ethical approval for this project
has been obtained from the Dublin City University Research Ethics Committee.

Should substantial modifications to the research protocol be required at a later stage,
a further amendment submission should be made to the REC.

Yours sincerely,

‘79;\4/[ O Mollza
Dr Dénal O’Mathuna 1;:? t

Chairperson .
DCU Research Ethics Committee Research & Innovation

Taighde & Nuidlaiocht Tacaiocht
Ollscoil Chathair Bhaile Atha Cliath,
Baile Atha Cliath, Eire

Research & Innovation Support
Dublin City University,
Dublin g, Ireland

T +353 1700 8000
F +3531700 8002
E research@dcu.ie
www.dcu.ie

-197 -



Appendix 2: Ethical approval Experiment III

Dubliﬁ City Umverslty | D C U

Dr Donal O’Gorman

School of Health and Human Performance
28t June 2017

REC Reference: DCUREC/2017/087

Proposal Title: The influence of contraction frequency on muscle cell
signalling and mitochiondrial function

Applicant(s): Dr Donal O’Gorman, Dr Javier Monedero, Dr Noel
McCaffery, Mr Enda Murphy, Mr John Noone, Ms Rajan
Priyadarshini

Dear Colleagues,

Further to a full committee review, the DCU Research Ethics Committee approves
this research proposal.

Materials used to recruit participants should note that ethical approval for this project
has been obtained from the Dublin City University Research Ethics Committee.

Should substantial modifications to the research protocol be required at a later stage,
a further amendment submission should be made to the REC.

Yours sincerely,

750,“/? O C‘\'O/‘»’la/\
Dr Dénal O’Gorman /D/Z t

Chairperson .
DCU Research Ethics Committee Research & Innovation

Taighde & Nudlaiocht Tacaiocht
Ollscoil Chathair Bhaile Atha Cliath,
Baile Atha Cliath, Eire

Research & Innovation Support
Dublin City University,

Dublin g, Ireland

T +3531700 8000

F +353 1700 8002

E research@dcu.ie

www.dcu.ie

- 198 -



