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Thesis Abstract

Over the past 20 years oxygen supplementation has been proposed as an ergogenic
aid in a range of sports and endorsed by various governing bodies (including the NFL and
the NBA). Originally the use of oxygen supplementation in research was related time trial
and time to exhaustion performances, i.e. predominately aerobic activities. However, more
recently, oxygen supplementation has also been shown to benefit high intensity short
duration activity.

This thesis aimed to further examine how oxygen supplementation may offer performance
enhancing benefits, particularly during repeated sprint exercise. The first aim, examined in
study 1, was designed to investigate the effects of oxygen supplementation on repeat sprint
cycle performance. Studies 2 and 3 followed on with aims to investigate mechanisms that
underlie these performance enhancements. Next, we aimed to determine how the exact
timing of oxygen supplementation could potentially influence repeated sprint performance
(study 4). The final aim, examined in study 5 was to identify whether the observed short-
term performance benefits of oxygen supplementation, would transfer to performance
improvements as a result of a supplemented training intervention. These aims allowed us
to investigate some of the gaps in the existing literature, whilst developing a progressive
narrative within oxygen supplementation research.

Investigating the mechanisms behind the change in acute and chronic performance
involved the use of both near infrared spectroscopy (NIRS) and twitch potentiation. The
use of these devices alongside oxygen supplementation resulted in novel studies. Similarly,
our training study was conducted on competitive level cyclists, making our results of great
interest to the cycling community.

Throughout this thesis, oxygen supplementation was shown to be a beneficial ergogenic

aid during repeat sprint cycling which can be applied to training on a session by session
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basis. Further research is needed to evaluate its chronic effectiveness when used during

high intensity exercise and explore more of the underlying mechanisms.
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1.1 Introduction

Oxygen supplementation (O2Supp) is the administration of medical grade oxygen to
athletes during or between periods of work 1. To date O,Supp has been applied to a variety
of different training modalities (running, cycling and rowing) at varying degrees of
concentration (percentage of oxygen consumed) 15,
Many performance and recovery aids are already used by a large proportion of the sporting
population (such as muscle stimulation, foam rolling, bicarbonate, and stretching), and
athletes are continuously searching for the more performance enhancers - oxygen
supplementation (O2Supp) is one of the newer options.
A common focus within O2Supp research the effect on performance during high intensity
interval training (HIIT). HIT is short duration, intense periods of work interspersed with
periods of active or passive recovery. It is during these periods of recovery where O>Supp
may be most effective.
Researchers have already begun to apply O.Supp to a variety of different training
modalities (rowing, cycling, swimming, running) with varying degrees of effectiveness. As
the concentration of oxygen varies across studies the findings are not easy to compare. In
order to reduce the dose response component, the research in this thesis will look at the
effectiveness of O>Supp during high intensity repeated sprint cycling using only 100%
medical grade oxygen concentration (fraction of inspired oxygen - FiO2 1.00). The
experimental chapters within this thesis will incorporate consistent methodology to identify

the effectiveness of O.Supp as a performance aid.

1.2 Aims of Research
Several studies >"® have begun to identify the effectiveness of O,Supp in a variety

of different sporting modalities, but not specifically repeat sprint cycling.
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This research aims to assess the effectiveness of O>Supp on repeat sprint cycling and will
aim to answer the following;
- During which component of a repeat sprint cycling training session is O2Supp most
effective at increasing performance?
- Which physiological components does O.Supp effect to allow for improvements in
performance capacity?
- Can a short-term training intervention influence performance or metabolic markers

of performance?
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2 — Literature Review:

The Use of Oxygen Supplementation and its Role Within an Exercise

Programme




Page 27 of 254

2.1 Overview

This literature review provides an in-depth description of O>Supp, and its purported
effects on exercise performance with a particular focus on high intensity interval training
(HIT).
HIIT training and its main limiting factor (peripheral fatigue) will be addressed first,
followed by a description of oxygen supplementation, and how it has been used within
sports performance research. Published studies exploring both acute and chronic
supplementation and the resultant effects on both performance and exercise metabolism
will be examined.
This review will also explore many of the mechanisms that are believed to underlie the
effects of O2Supp (such as increased muscle & whole-body oxygenation, reduced blood
lactate accumulation, enhanced phosphocreatine resynthesis and reduced peripheral muscle
fatigue,). Within this section, the two of methods used to determine the extent to which
oxygen supplementation affects physiology are examined in depth — these methods are near
infrared spectroscopy (NIRS) and twitch interpolation (T1). These methodologies will play
a vital role in the forthcoming experimental studies.
The review will finish with a brief outline of gaps in the literature related to
supplementation and performance, followed by the aims and hypotheses of the current

thesis.

2.2 HIIT/SIT training

High-intensity interval training (HIIT) is a common, time efficient training method
for improving cardiorespiratory and metabolic function and in turn, physical performance
in athletes °. HIIT involves recurring bouts of short high-intensity exercise (45 s — 4 min)

interspersed with short periods of recovery 1°. HIIT has been shown to be an optimal
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stimulus for eliciting maximum cardiovascular and peripheral adaptations in relatively
short training sessions **2. This is achieved by subjecting the athlete to an increased
amount of time in the ‘red zone’, which is characterised by working at greater than 90% of
their VO2max 1212, Most HIIT session only last for several minutes with the majority of
that in the ‘red zone’, eliciting both acute (lactate accumulation, peripheral fatigue) and
chronic (myocardial enlargement and oxidative muscle adaptation) changes.

HIIT consists of the variation of nine variables, including the work interval intensity and
duration, the recovery interval recovery and duration, exercise modality, number of
repetitions, number of sets, as well as the between set recovery and duration 3. The
manipulation of these variables affects the acute physiological responses to HIIT. The most
common variables to manipulate are the work and recovery durations. HIIT has been split
into four main areas that incorporates the many different work durations; short intervals,
long intervals, repeated sprint training (RST) and sprint interval training (SIT) ®*3. Short
interval HIIT has a work duration of less than 60 s and long interval HIIT has a work
duration of 60 s or longer. RST and SIT are types of short interval HIIT as they both have
work durations of less than 60 s. RST commonly has work durations of 3-10 s in length
and whereas SIT has work periods of 30-45 s in duration 3,

It is suggested that with a change in work duration, comes a reduction in critical
maintainable velocity. Taken from Buchheit et al., 2013 3, velocity for SIT ranges from
85 -100% of maximum sprint speed or 160-200% of velocity of VO,max (vVOz2max),
whereas, RST can be conducted at a relatively slower intensity of 120 — 160% vVO,max.
The main reason for this drop in maximal velocity is down to the recovery durations
following the work. RST has short high intensity intervals followed by short (30 s) recovery

periods; therefore, the velocity must be reduced to maintain multiple repetitions. SIT has



Page 29 of 254

slightly longer intervals with long recoveries (2-4 min), allowing for complete recovery
and increased work velocity.

It is evident that HIIT training can be applied to an array of different sports (Hockey,
cycling, running and football 7). HIIT training can take many forms, some lending
themselves to be more effective types of training than others. The most common protocol
for building peak power is both SIT and RST. SIT allows an individual to work at a very
high-power output and repeat it until chronic adaptations occur (common in 100 m
training), whereas RST allows the athlete to test their recovery capabilities when producing
large power outputs (common in track cycling)!®2°. The adaptations that occur during SIT
and RST are both metabolic and musculoskeletal. The metabolic adaptations that occur are
the increased efficiency of converting phosphagens and ADP into adenosine triphosphate
(ATP), restoration of phosphocreatine (PCr), and the anaerobic breakdown of
carbohydrates, whereas the cardio and musculoskeletal adaptations that occur include
increase stroke volume, increase microvascular size of the peripheral muscles vessels, and
muscle fibre recruitment changes 222, Short and long duration HIIT work the aerobic
system that aids endurance performance by increasing VO2max and the velocity at which
it is achieved. These are achieved by increasing the efficiency of muscle glycogen
utilisation and the cardiopulmonary circuit.

Performance during both SIT and RST training are limited by several physiological factors;
resynthesis of anaerobic sources during recovery, muscular fatigue, and the metabolic

homeostasis within the cells, all of which can improve an individual’s performance 151624,

2.3 Fatigue
Fatigue comprises many different pathways and symptoms and therefore, researchers

define fatigue as largely different entities. In this thesis the combination of Edwards %, and
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Bigland- Ritchie et al., 2, definitions will be used “The inability to maintain the required
level of strength or power output, leading to exercise cessation” & “Any exercise induced
reduction in maximal force or power regardless of whether the task can be sustained or
not”. These are two definitions that describe what occurs to the physiological performance
parameters during sport.

Fatigue is often quantified as either peripheral and central fatigue 2”8, Central fatigue
represents the decrease in the ability of the recruitment of muscle motor units at the start
of muscle force generation 2°. There are several hypothesises as to why this occurs;
increased brain serotonin levels, an altered ratio between tryptophan and branch chain
amino acids 3° and the irritation of nerve endings. Central fatigue is, in essence, those
chemical imbalances or fluctuations within the brain during daily life and especially during
exercise. Central fatigue can be measured in many ways; intrusively by taking brain blood
samples to identify the fluctuations within the biochemistry of the brain, the perception of
fatigue (ratings of perceived exertion), peripheral twitch interpolation, transcranial
magnetic stimulation and electromyography.

Peripheral fatigue on the other hand refers to physiological changes that occur as a result
of alterations in nerve impulses at a muscular level. Peripheral fatigue thus, is a decrease
in the contractile strength of the muscle fibres due to changes in the frequency and strength
of the muscle action potentials 28, Peripheral fatigue can be measured in a plethora of ways,
such as; a decline in performance, reduced force produced during maximal voluntary
contraction (MVC) and twitch interpolation (TI) 323, Tl is the most common way of
measuring peripheral fatigue and is the measurement of force being produced by a single
stimulus. The amplitude of the twitch then identifies the contraction intensity and level of
excitation of the motor neurons **. A large twitch indicates a larger level of peripheral

fatigue at a muscular level.
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2.3.1 Central Fatigue

Central fatigue is the reduction in the supraspinal recruitment of muscle motor units
that generate muscle force. Central fatigue governs the supraspinal and spinal changes in
physiology capable of inducing an excitation in the motor neuron (reduction in
neurotransmitters and conductive capability at the neuron junction).
Central fatigue is generated from the cerebellum and the spinal cord that make up the
central nervous system. These organs are extremely sensitive to alterations in their
homeostatic regulation, as well as invasive instruments to measure it. Resultantly, due to
the nature of central fatigue it is problematic to recognise the ‘true’ underpinning
mechanisms and fatiguing components during exercise. Ethically it would be
impermissible to attach probes to an individual’s brain to directly monitor the chemical
composition and oxygenation. Therefore, direct measures are not frequently used. Many
indirect measures occur as a result; cerebral NIRS, transcranial magnetic stimulation, and
invasive measures such as cranial cannulas 231,
Central fatigue is one factor that results in performance decline throughout a race. Gandevia
28 jdentified that a 25% drop-in force of the motor unit identified using transcranial
magnetic stimulation was attributed solely to central fatigue. Further, he found that during
sub maximal low intensity exercise the significant reduction in force was again largely
(25%) attributed to central fatigue, due to the reduced excitation stimulated by the motor
cortex. It has also been shown that the amount of central fatigue experienced is directly
linked to the amount of oxygen available. An inadequate supply of oxygen to the brain and
low mitochondrial oxygen tension has been shown to influence the function of neurons,
and thereby their ability to maintain motor activation . During hypoxic conditions the

‘central governor’ reduces the muscle contractile force to deal with the ischaemic
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conditions the body’s organs are being subjected too. The opposite is hypothesised to
happen for hyperoxic conditions. The central governor model states that the brain
dynamically regulates the physical exertion by different inputs to the body, allowing task
completion in a safe manner *¢. The central governor is able to divert greater oxygen supply

to the working muscles because of an increased availability, supply and volume ¥.

2.3.2 Peripheral Fatigue

Peripheral fatigue occurs when the motor drive within the central nervous system
is unchanged, but the full electrical excitation produced within the motor units is no longer

% Due to the nature of the

adequate to support maximal voluntary contractions
neuromuscular junction and the mechanism behind muscle contraction many would
suggest that peripheral fatigue is also multidimensional in nature.

The neuromuscular junction is where neural signals are transferred from a neuron to its
target. It comprises a synaptic terminal and a synaptic cleft. The terminal between the
synaptic terminal, otherwise known as the end of the axon terminal, and the motor end plate
is regulated by multiple biochemical reactions. Inorganic phosphate (Pi) induces a
desensitisation in the terminal leading to a reduction in force production %%, Subsequently,
acetylcholine is released and is the primary chemical used to regulate the terminal space to
ensure full sensitivity and polarisation “°.

Huxley’s sliding filament theory *! states that the H bands (myosin) and the 1 bands (Actin)
get smaller during a contraction, the zones then overlap and the Z lines move closer together
(actinin attached with titin). The contraction weakens when the | band disappear, and the
H bands and the Z line connect. If calcium is not released from the sarcoplasmic reticulum

efficiently, the muscle fibres cannot contract. The control of calcium production is

governed by both neural control and build-up of other compounds such as phospholamban.
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Biochemical changes within the muscles are associated with imbalances within the
sarcolemma and its electrical potential *2. A change in the electrical signal is a direct result
of biochemical imbalances, which in turn reduces the force generating capacity of local
muscles resulting in muscular fatigue . A small change in the cellular homeostatic balance
within the muscle fibres lead to large reductions in the force generating capacity. Factors
that have the capacity to alter this homeostasis are; the depletion of ATP, depletion of PCr,
accumulation of inorganic phosphate, and decrease in pH, to name a few.

ATP availability has been closely correlated to the fatiguability of local muscles. As ATP
depletion increases fatigue within the skeletal muscles. However it is still up for debate
whether this phenomenon is coincidental or causative “%. It has been shown that
intramuscular supply of ATP and PCr are never completely depleted, as a protective
mechanism with the body, so levels are regulated to maintain integrity within the cells.
Bergstrom et al., 4 found that ATP and PCr were between 10-70% of their rested values
during exhaustive exercise. Although, they state that ATP is stored within multiple
compartments (such as mitochondria and cytoplasm), the local store of ATP maybe
depleted but the overall cellular level remains intact.

Lactate and hydrogen ions (H") play a large role in the materialisation of peripheral fatigue
during exercise lasting between 15 s and 15 min. During high intensity exercise the build-
up of lactate and H* is due to the inefficiency of the Cori cycle and production subsequently
exceeds removal. The effects of lactate in peripheral fatigue are 85% attributed to the
increase in H*, leading to an exercise induced acidosis *°. Intramuscular acidosis has been
shown to cause an inhibition of the energy systems (glycolysis), and consequently a
reduction in power output follows 6.

Accumulation of inorganic phosphate may also result in peripheral fatigue as it has been

linked with limiting force generation via inhibiting calcium secretion within the
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sarcoplasmic reticulum #’. Further, inorganic phosphate desensitises the cross bridges at

the neuromuscular junction 3848,

2.4 Recovering from fatigue

Fatigue is an outcome that is a consequence of numerous processes that are a result
of exercise. Physiological fatigue (referred to as performance decline in the following
chapters) is the result of the acute physiological stress that a single fatiguing training
session evokes, which is also associated with; minor muscle damage, inflammation,
nervous system fatigue, and oxidative fatigue “°. To minimise the effects of these stresses,
multiple recovery strategies have been proposed over the years; adequate nutrition, cool
down, massage, compression, cold-water immersion and ‘gas therapy’ “°°!. These
strategies have been proposed to aid recovery post a repeat sprint session. As well as post
exercise recovery, minimising the amount of fatigue experienced during repeat sprint
training is also vital for performance. Acute fatigue that is as a result of one sprint is
associated with increase pH, reduced fuel availability (PCr) and accumulation of lactate.
Acute fatigue requires different recovery strategies than that of chronic fatigue, these
strategies may include bicarbonate supplementation, creatine loading and O2Supp 2. This
next section of this review will be on the recovery from acute fatigue with the impetus on

O2Supp.

2.4.1 Recovery Techniques for Acute Fatigue

Gas therapy, or oxygen therapy, is the use of various gas mixtures to aid in recovery
depending on type of exercise 3. O,Supp during recovery has been shown to decrease
lactate production and increase both peak power and mean power ”>*, There are two distinct

form of O>Supp: normobaric and hyperbaric.
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Hyperbaric O,Supp is the administration of oxygen at a barometric pressure higher than
that of the pressure at sea level %3 Hyperbaric O,Supp increases the blood plasma
concentration of oxygen from 0.3 ml per decilitre to 1.5 ml per decilitre >, simply by
increasing the pressure gradient at a cellular level. Due to the large pressures at which the
gas must be administered, hyperbaric O>Supp typically occurs in an airtight chamber. This
enables the correct manipulation of pressures and composition of the air. There are
important health implications to be considered when using hyperbaric O>Supp. Oxygen is
needed to sustain life, however too much oxygen is toxic to the central nervous system 67,
Oxygen toxicity is not easily identified until it is in its advanced stages, as it is masked by

the hyperventilation response that comes from O2Supp.

Potential prolonged use of O.Supp (greater than 6-weeks) may cause health problems as a
result of cell damage *. Long term exposure to high concentrations of oxygen (FiO2 > 0.60)
even at normobaric pressure, may cause oxygen toxicity through the formation of excessive
reactive oxygen species (ROS) 65860 However, there is no difference in haematological
and urinary markers of oxidative stress during high intensity prolonged training periods
with FiO, of < 0.60 5. ROS formation within the mitochondria has been reported to
increase linearly with inhaled oxygen concentration. However, to date no negative effects
of short term inhalation of oxygen enriched air during exercise at sea level has been
reported "2, although it has been hypothesised that the risk exponentially grows with FiO;
concentration 1. Therefore, during high intensity exercise it cannot be identified whether it
is the exercise or the O>Supp toxicity that causes a hyperventilation response. This is one
of the many reasons, hyperbaric O>Supp is not widely used within the sporting community.
Normobaric O>Supp is the administration of oxygen at a barometric pressure equivalent to

pressure at sea level (760 mmHg or 1 Atmosphere [ATM]). Normobaric O2Supp is the
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most widely used tool for O>Supp because it can be administered using a plethora of
techniques; Douglas bags, air tight tent, or regulated oxygen cylinder 2. The most crucial
benefit of normobaric O>Supp above hyperbaria is the pressure of administration is at

normal air pressure, which is less likely to cause significant adverse effects.

2.5 Near Infrared Spectroscopy

NIRS is an imaging tool that was designed for clinical and emergency medicine.
Additional uses have become evident. NIRS is now used in human physiology research to
quantify and non- invasively measure the oxygenation status of human tissues %. The
oxygenation status of a human tissue can be identified by measuring the oxygen saturation
of haemoglobin molecules, based on the absorbance of near infrared light (Figure 2-1).
NIRS historically used expensive large spectrometers using fibre optic cables, however
with the advancements in technology these are now no bigger that a cellular phone. The
increase in the resolution of near infrared light and the changes in the theoretical models
(Beer Lambert Law to the Modified Beer Lambert law) has led to NIRS being widely used

to measure tissue haemodynamics (Figure 2-2).
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Figure 2-1. Electromagnet Spectrum — Liberated from a Lawrence Berkeley

Laboratory web page https://www2.1bl.gov/MicroWorlds/ALSTool/EMSpec/EMSpec2.html.

The light absorbing compounds in human tissue within the near infrared range are called
chromophores ®. The primary chromophores detected by NIRS are oxyhaemoglobin
(HbO2) and deoxyhaemoglobin (HHDb), their concentration varies with time and
oxygenation status ®. HHb and HbO, are responsible for the transport, delivery and
removal of oxygen and carbon dioxide through-out the human body . NIRS works by
detecting the amount of light absorbed by the tissue and identifying the amount that is
refracted back and received by the device. This is used to identify the rate of oxygenation
and deoxygenation during exercise and, along with measures of cardiac output (heart rate
and blood flow), helps to identify the central and peripheral components of the exercise.
This is assessed by detecting the changes in oxygenation and blood flow at both a cerebral

and peripheral muscle level.
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Figure 2-2. Visual diagram of infrared light pathway through muscle tissue.

Liberated from Artinis Medical Systems (https://www.artinis.com/theory-of-nirs).

NIRS has been found to be a useful tool to measure blood flow and volume, which is
required to determine regional oxygen delivery and uptake . Although NIRS is not
without its downfalls; the proxy of the total NIRS reading (tissue saturation index for
example) has been shown to comprise 5% skin haemodynamics and the remainder muscle
7. This is to be considered when looking at desaturation rates. Desaturation and
resaturation rates of the skeletal muscle cells during exercise have been considered the
main limiting factor during repeated sprint efforts ®. This was measured using pulse
oximetry which validates NIRS devices to identify arterial O> saturation. Muscle oxygen
desaturation occurs when the working muscle is using more oxygen than is being supplied
and beginning to work anaerobically. Resaturation is the recovery of the working muscles
oxygen levels back to a pre exercise state, and this typically occurs during periods of rest.
NIRS has been shown to be affected by the thickness of adipose tissue. A recent study
found that thicker adipose tissue the decreased the sensitivity of desaturation and
overestimation of actual muscle oxygenation levels %°. Other measures (such as muscle

biopsies, arterial blood gases) are more accurate for measuring skeletal muscle
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oxygenation, although all are invasive. NIRS is non-invasive and does not affect concurrent
human locomotion, so despite its limitations, it is a valuable tool within sport science
research.

The development of portable NIRS technology has allowed research into tissue
oxygenation and localised haemodynamic in an applied exercise environment. The
portable nature of NIRS lends itself to research to occur during human locomotion, to
identify biochemical aspects during exercise performance. The invention of portable NIRS
devices allows a coach or athlete to monitor their muscle oxygenation directly and alter
training modality, and training/ recovery duration to elicit the greatest response from
training they can. A coach using NIRS has the ability to be able to identify when an athlete
has fully resaturated their peripheral muscles with oxygen. This information can direct
athletes to start training once they resaturate fully.

HIIT and SIT based research have employed NIRS extensively ">, The rate of muscle
oxygen resaturation has strong links with the recovery rate of PCr, a metabolite that is a
vital fuel for high intensity exercise 2. Distinct changes in muscle oxygenation (HbO2 and
HHb) profiles have been observed, characterised by large desaturation / resaturation
profiles (Figure 2-3). It has been documented that these profiles (desaturation/ resaturation)
are strongly correlated (r? = 0.51) with the rate of resynthesis of PCr "2, The rate of muscle
oxygen recovery reflects the utilisation of oxygen after exercise to resynthesise PCr.
Increases in HbO2 between conditions would demonstrate this increase PCr resynthesis. It
is also suggested that the recovery of HbO: resaturation could also be used as an index of
muscle oxidative capacity 7273, The faster the resaturation of HbO; in the working muscles
following exercise, indicates an increase in oxidative capacity of the muscles. A proxy of

muscle oxidative capacity can be assessed directly using arterial occlusions and NIRS 747°,
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This measure looks at the speed at which HbO2 recovers following arterial occlusions and
the rate at which HHb declines during said occlusions.

Therefore, the use of these muscle oxygen profiles can provide insight (albeit indirectly)
into which training programmes and aids are more effective at increasing the resynthesis
of PCr. PCr resynthesis and muscle oxygenation profile are vital for most exercise,
particularly HIIT and SIT based sessions. HIIT & SIT are commonly used to enhance
performance by eliciting improvements in the oxidative capacity of working muscles and

maximal oxygen uptake 2

. Interestingly yet unsurprisingly HIT/SIT based training
programs have also demonstrated performance benefits via peripheral adaptations
(mitochondrial density/ increased microvascular size and amount/ increased enzyme
activity) 870- that lead to enhanced oxidative capacity of working muscles and maximal
oxygen uptake.

It has been found that the consumption of hyperoxic gas causes significant changes in
NIRS signals. Vanhatalo et al., "® mentioned that local muscle delivery increased by 29.5%
during O2Supp, compared to Normoxia. They went on to show that the increased
availability of oxygen did not change the overall kinetics; as O, availabilty became higher,
O2 extraction reduced to maintain equilibrium. The baseline muscle saturation level was at
an elevated level but recorded similar levels of desaturation as Normoxia. Vanhatalo et al.,
also highlighted that even though there was an increase in muscle oxygen delivery, muscle

fractional O; extraction was reduced by 36% -estimated using HHb. HHb can be used to

assess the relationship between muscle resaturation and muscle desaturation.
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Figure 2-3. Example of NIRS muscle hemodynamic responses during a swim test.
Taken from Jones et al., 2018 7.

Legend: AO2Hb+O.Mb, change in Oxyhaemoglobin and oxymyoglobin levels;
AHHb+HMD, change in deoxyhaemoglobin and deoxy myoglobin levels; AtHb change in

total haemoglobin oxygenation.

Supplementing high intensity exercise with hyperoxia has been shown to enhance the
clearing of BLa and prevent the rate of muscle desaturation >*8, It has also been noted that
the prevention of less than 10% drop in arterial O2 saturation, significantly lessens the
amount of exercised induced force reduction of the quadriceps muscles, following cycling
tasks 7°. Although, not directly measured using NIRS, changes in arterial saturation will
affect the periphery further down the oxygen cascade where NIRS measures are taken
(peripheral muscle oxygen levels) &. Preventing a decrease in arterial oxygenation will aid
the maintenance of the homeostasis in the periphery. It has been shown that a decrease in

arterial oxygen saturation significantly effects peripheral muscle fatiguability 82, A
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reduction in the muscle oxygen level aligns with local muscle fatigue at a peripheral level,
and this is visibly evident by large reductions in muscle resaturation.

The recovery of muscle oxygen (resaturation rate) strongly correlates with the resynthesis
of PCr during recovery periods 2. Resynthesis of PCr is a key component which affects
performance during repeated sprint efforts. Additionally, Balsom et al., 8 found that post
exercise multiple subcutaneous injections of erythropoietin (EPO) during hypoxia and
O.Supp, enhanced anaerobic metabolism, and an increased O availabilty (due to 10%
increase in haemoglobin concentration) which led to a significant increase in PCr
resynthesis during 15 x 6 s cycling sprints. Similar increases in PCr resynthesis are
proposed to occur during O>Supp due to the increased oxygen availability, comparable to

EPO injections.

2.6 Oxygen Supplementation

Hyperoxia occurs when cells, tissues and organs are exposed to an excess supply of
oxygen or higher than normal partial pressure of oxygen #. O2Supp causes a hyperoxic
response within the body. High oxygen availability is used to treat patients with chronic
obstructive pulmonary diseases (COPD). Oxygen can be used to supplement their air
supply, so they have sufficient oxygen delivery to their cells in light of their disease.
Comparable to this, altitude training has similar physiological restraints as COPD 8.
One point of note is the correct use of the term hyperoxia. Hyperoxia occurs when cells,
tissues and organs are exposed to an excess supply of oxygen or higher than normal partial
pressure of oxygen >°. Hyperoxia is the internal change due to the consumption of high

oxygen content gas, not the physical gas that is being administered.
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2.6.1 Normal Respiratory Physiology

During breathing, normal atmospheric air (~21% oxygen, 0.04% carbon dioxide,
78% nitrogen and ~1% other gases) travels down the pulmonary ventilation system into the
lungs where it diffuses into the capillaries at a speed of up to 3 L-min! of oxygen (during
exercise). The average oxygen pressure gradient between alveoli (100 mmHg) and
capillaries (40 mmHg) is 60 mmHg. A healthy lung at rest will reach an equilibrium in
pressure (atmospheric pressure and alveoli pressure difference) within 0.25 s which is about
Y of the bloods transit time around the lung. During vigorous exercise blood transit time is
increased by as much as 3-fold, and this increase in velocity does not usually restrict the
loading of oxygen in the blood 8#®’, This increase in velocity of the blood coincides with
an increase in the ventilatory equivalent (ratio of the volume of gas expired per minute to
the volume of oxygen consumed per minute), enabling the maintenance of oxygen loading
to the blood.
Once oxygen has passed into the blood it combines with the metallic compound
haemoglobin (iron containing globular protein). There are over 280 million haemoglobin
molecules per red blood cell (and 25 trillion RBCs in the body). The nature of RBCs means
that greater than 70 times more oxygen is combined within haemoglobin than dissolved in
the plasma There is on average 15 g of haemoglobin per 100 ml of blood with an oxygen
carrying capacity of 1.34 ml O2-g*. Therefore, per 100 ml of blood around 20 ml of oxygen
is carried at any one time.
The saturation of haemoglobin with oxygen is altered by internal fluctuations in oxygen
pressure, core temperature, cellular pH and carbon dioxide, as indicated by an
oxyhaemoglobin dissociation curve. 8,
Myoglobin, the iron globular protein that is found in muscle microvascular, on the other

hand is less affected by these internal changes. Oxygen is transported from the alveoli to
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the muscles by haemoglobin and is then passed onto myoglobin to be used at muscular
level. Additionally, myoglobin facilitates the transfer of oxygen to the mitochondria at the
beginning of exercise and during intense exercise in an attempt to attenuate a large drops
in cellular partial pressure of oxygen . Unlike haemoglobin, myoglobin retains a large
percentage (95%) of its bound oxygen even when pressures are very low (5 mmHg).

Mole et al., *° indicated that myoglobin may provide a source of readily available O at the
onset of exercise and increase the PO gradient from capillary to muscle cell even at low
levels of activity, suggesting that myoglobin has a role that is intermediate between two
other functions, O storage and facilitated O, diffusion .

Once oxygen has been transported from atmosphere to mitochondria it can be used during
cellular respiration %2. Cellular respiration is the combination of processes and reactions
where biochemical energy from nutrition is ‘converted’ into ATP. Cellular respiration can
be split into two distinct categories: aerobic and anaerobic. Aerobic respiration brings about
the biggest energy yield, using oxygen to resynthesise ATP. Oxidative respiration occurs
during the citric acid cycle and oxidative phosphorylation % and more than 90% of the total
ATP synthesis is achieved during these processes. Oxygen is during these processes to bind
with hydrogen to form water and remove the acidity from the mitochondria and buffer it
elsewhere.

PCr resynthesis during HIIT and SIT with a recovery duration of 45 s is insufficient in
duration to fully replenish PCr stores (only ~75% of resynthesis occurs in this time).
Therefore, after several repeated sprints (~5 x 15 s sprints), PCr resynthesis would be
diminished, with most PCr stores depleted. Significant performance reductions would be
evident with such a reduction in PCr resynthesis capacity. A continued depletion of ATP-
PC stores and an inadequate resynthesis of PCr will lead to a reduction in performance until

other energy systems are able to produce larger amounts ATP and aid in the resynthesis
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process. Mendez- Villanueva et al., % found that an 8% increase in PCr resynthesis during
30 s recovery bouts from 10 x 6 s cycling sprints significantly enhanced peak and mean
power. Similarly Glaister, > identified that an increase in peak and mean power has been
attributed to an enhanced PCr resynthesis during repeated high intensity exercise.

There is a small (< 10%) aerobic contribution to energy production during a short (up to
30 s duration) maximal effort sprint and is suggested that this contribution increases as
sprints are repeated, perhaps due to the alterations in oxygen kinetics 4. This is part due
to increased oxygen demand post sprints in order to re-establish the saturation of myoglobin
with oxygen and PCr. This may result in subsequent sprints starting at progressively higher
VO,. Additionally, Bogdanis et al.,*” found that aerobic metabolism during the second
sprint (30 s) provided ~49% of the energy yield. These values were estimated due to an
increase in oxygen uptake by ~0.5 L-min? (increase of 20%). These findings can be
explained by Wagner * who concluded that an increased FiO raises the partial pressure of
oxygen in the blood and resultantly increases VO,max (sparing anaerobic energy at higher
workloads). Importantly, oxygen is also used for the resynthesis of PCr, the resynthesis of
PCr occurs using products from both the Krebs cycle and aerobic glycolysis, which have

been shown to be enhanced following the use of O2Supp *°.

2.6.2 Hyperoxia

O.Supp principally works on the basis of increasing the availability of oxygen, thus
more is ready to be utilised by the body. O>Supp can be administered two ways; hyperbaric
and normobaric.
Hyperbaric hyperoxia is when additional oxygen is pressurised greater than 1 ATM (760
mmHg) and administered to an individual, whereas normobaric O>Supp is administered at

1 ATM or lower. Hyperbaric O>Supp is provided to patients in hospital either through nasal
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cannulas or hyperbaric chambers. This additional pressure overcomes the physiological
restraints the patients experience due to the increased pressure gradient at an alveoli/
capillary level.

Hyperbaric O.Supp works on the premise that oxygen is pressured into the body cells thus
increasing delivery. Increasing the intrapulmonary pressure within the lungs due to
pressurised air (3 ATM) increases the pressure gradient between alveolus walls and the
capillary wall by 10-fold ®. Such a dramatic increase in pressure results in additional
oxygen ‘leaking’ and dissolving into the blood plasma. The increase in dissolved oxygen
within the plasma is sufficient to meet resting cellular requirements without any
contribution from haemoglobin. Additionally, this dissolved oxygen can be provided to the
areas into which red blood cells are unable to pass, such as the interstitial fluid 103192,
O2Supp has also been shown to cause vasoconstriction within the microvascular, thus
reducing heart rate and blood flow, which is compensated by the increased plasma oxygen
content 19319 This is typically used to treat crush injuries or burns but it is speculated that
it can be applied to a variety of sporting population, shooting, archery and biathlon. This is
due to vasoconstriction having a calming effect on the body and reduces heart rate,

preventing the shakes during precision sports.

Normobaric OSupp refers to additional oxygen greater than a FiO, of 0.21 at 1 ATM of
pressure, so supplementing the cells with additional oxygen, rather than higher pressurise.
Normobaric O>Supp does not differ from hyperbaric oxygen in terms of its effect on
oxygen delivery and consumption, other than the difference in pressure that it is
administered. Normobaric O>Supp is believed to be safer than hyperbaric O.Supp as the

increase in pressure may cause oxygen toxicity through the formation of excessive reactive
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oxygen species (ROS) %6580 The formation of ROS is still possible during normobaric

O2Supp but much less likely than when the oxygen is pressurised before administration.

2.6.3 Cellular Response to Oxygen Supplementation

O2Supp causes large changes within the cellular equilibrium of the body. Firstly, it
increases the partial pressure of oxygen (P.O2) within the alveoli, and consequently the
entire oxygen cascade. Increasing the FiO> to 1.00 (O2Supp), leads to a subsequent six fold
increase within the arterial P.O,, to approximately 600 mmHg 1%. Hypothetically this
gradient could increase further with hyperbaric hyperoxia, even though the determining

factor for oxygen diffusion is the gradient between plasma and cells.

The body has various mechanisms to deal with the change in equilibrium that occurs during
the administration of O.Supp to prevent an accumulation of ROS. Most of the mechanisms
associated with O>Supp have a direct influence on cardiac output; changes within rate of
blood flow, and heart rate, impacting cardiac output. One of the most pronounced responses
to O,Supp is the change in the microvascular blood flow "81% as the immediate response
to O2Supp is vasoconstriction. Chemoreceptors detect the change in P.O2, which is relayed
to the brain and triggers the medulla oblongata to respond with peripheral vasoconstriction
of the blood vessels, reducing the diameter of the vessels restricting the amount of blood
that can pass through them. Thus, less blood is flowing through the microvascular, lowing

the oxygen concentration of the tissue 8107108,

Another response to O>Supp is a reduction in heart rate. Again, changes in P.O. are detected
and the medulla oblongata to responds via the parasympathetic nervous system, reducing

heart rate at any given workload 8% The final response is the change in energy
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pathway, when more oxygen is available at a cellular level there is an increased efficiency
within the mitochondria and an elevated rate of cellular respiration !, Additionally, an
attenuation of metabolic by-products resulting from a reduced need for glycogenolysis,
glycolysis and pyruvate production is evident during O,Supp 14114, Reducing the need for
these processing spares fuel and the attenuates the accumulation of by-products till later in
exercise. Current research also suggests that O>Supp during exercise would be enough of
a stimuli to counteract the decline in the saturation of arterial haemoglobin (S.02) during

exhaustive exercise 115116,

These responses are likely to be at least partially responsible for the effects sporting
performances. Research in the field has increased over the last 6-8 years, with the ban of
inhalation of oxygen enriched air being lifted by WADA in 2005. This has opened a door
for many researchers to explore the effects of O>Supp on recovery, as a training aid, and
its use longitudinally. Currently due to the size of the equipment needed for safe
administration, it is not widely accessible nor practical, although beneficial effects during
exercise by decreasing lactate accumulation and increasing cycling power output are
evident and worth the challenges O,Supp poses at this moment in time 1. Training with
concurrent supplementary oxygen in an environmental chamber allows the user to be free
from masks and tubing, which is more natural for the user. Environments (hyperbaric)

chambers allow the user to change the oxygen content of the air safely and quickly.

2.6.4 Mechanisms
During exercise BLa levels increase with increasing demand on the metabolic

systems. Lactic acid is a by-product of anaerobic glycolysis, and quickly converted to
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lactate and hydrogen ions. Lactate is produced within the cytoplasm and distributed within
the blood and is cleared by active muscles, liver and kidneys.

Blood lactate has been shown to increase in an exponential manner when accumulation
exceeds removal, this is known as the as the lactate threshold (LT). LT is typically
numerically referred to as 4 mmol-L%. LT is exceeded very early on in a repeat sprint
protocol. The response of the BLa during repeated sprints gives practitioners an idea that
the participant is responding to the training correctly. For example, during 10 repetitions
of an intense cycling activity, lactate increases until it reaches a physiological ceiling and
then plateaus. Ergogenic aids are any aid that leads to a direct increase in performance
capacity, some aids have been shown to increase this ceiling or reduce the BlLa
concentration for any given workload %7,

The performance improvements with O.Supp are shown as increased physical work and
changes in metabolism too. O>Supp effects the accumulation of BLa by increasing the
efficiency of the aerobic metabolic processes *3. Increasing the efficiency of these
pathways results in the sparing of fuel and attenuates accumulation of by-products. BLa
accumulation and increase of hydrogen ions (H") leads to the desensitisation of the cross
bridges which subsequently causes peripheral fatigue and the termination of exercise (See
section 2.3.2 Peripheral Fatigue). Acutely, decreased lactate accumulation has been
credited in part to an increase in performance 7. Additionally, decreased lactate

accumulation has also been shown to attenuate the build-up of peripheral fatigue “6.

However, BLa is not always attenuated by O.Supp, as some studies have shown BLa to be
similar during Normoxia. This has been proposed to be due to the individual participants
reaching the ‘ceiling’ for the amount of O, being utilised by the working muscles 113118,

Participants are unable to utilise the additional oxygen available, so it is simply exhaled.
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The increase in full body oxygenation associated with O2Supp * has been shown to improve
the efficient of multiple metabolic pathways, leading to an increase in performance. S.O>
increases a result of O,Supp, and some researchers have hypothesised that a small increase
(1-3%) in S.0> is enough to improve performance by as much as 3% %8119120 Contrary to
this, others speculate that due to the already high S:0- at rest (99%), it would be pointless
to give Oz during recovery bouts of less than 1 min because it will have no effect on S;0;,

which will naturally restore during this bout 2.

One noteworthy reason for O>Supp being an effective recovery tool between bouts of
exercise is its ability to increase the rate of PCr resynthesis. PCr resynthesis during HIIT
and SIT with a recovery duration of 45 s is insufficient in duration to fully replenish PCr
stores (only ~75% of resynthesis occurs in this time). Therefore, after several repeated
sprints (~5 x 15 s sprints), PCr resynthesis would be diminished, with most PCr stores
depleted. Significant performance reductions would be evident with such a reduction in
PCr resynthesis capacity. A continued depletion of ATP-PC stores and an inadequate
resynthesis of PCr will lead to a reduction in performance until other energy systems are
able to produce larger amounts ATP and aid in the resynthesis process. Mendez- Villanueva
et al., 3 found that an 8% increase in PCr resynthesis during 30 s recovery bouts from 10
X 6 s cycling sprints significantly enhanced peak and mean power. Similarly Glaister, >
identified that an increase in peak and mean power has been attributed to an enhanced PCr

resynthesis during repeated high intensity exercise.

As shown, there are important acute effects of O2Supp which subsequently aid performance

though the sustained improvements in performance through chronic use is unknown.



Page 51 of 254

Whether the acute responses to O.Supp are an adequate stimulus to lead to long term
physiological adaptation is yet to be established, and it is likely that multiple sessions with

O2Supp are needed to lead to chronic adaptations.

2.7 Effects of Oxygen Supplementation

O2Supp has many potential applications in the sporting world (e.g. increased power
output & decreased BLa) as well as in the pharmaceutical world — (temporarily reversing
the effects of COPD). Much is known about the therapeutic use of O.Supp and its effects,
though little is known about the effects of O.Supp following repeated intersession use on
performance. The acute use (lasting seconds to hours but less than one day) have been
shown to improve performance. Little is known about the effects of long term (chronic -
days) use of O,Supp and whether it is detrimental to health and performance %2, This

section will explore the effects of acute and chronic use of O2Supp on sports performance.

2.7.1 Effects of Acute Oxygen Supplementation

The consumption of O2 has been shown to improve a variety of physiological and
performance parameters within the short term (effects diminish within 30 min of removal
from O2Supp). The acute performance effects of O.Supp are what most research has been
focused on. The parameters O.Supp has been shown to improve are; increase time to
exhaustion (TTE), decreased accumulation of lactate, increase power output and increase
Sa0o.
O.Supp can be applied to any part of a session, the pre-loading phase before exercise,
during the exercise bout, during the recovery between repetitions (inter sprint recovery)

and during recovery between sets of exercise (inter exercise recovery).
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Due to the natural high oxygen saturation of the blood at rest, research has moved away
from administering O>Supp prior to exercise, in turn giving it as a recovery aid between
bouts of exercise 2. Sperlich et al., 12! found that pre-loading an athlete with 25 breaths of
O2Supp (FiO2 0.6) before 15 s maximal cycling sprint was not sufficient at eliciting a

response in mean power output (MPQ), peak power output (PPO), BLa, pH or H*.

O2Supp during either of the two recovery periods, has two distinct main effects; its effect
on high intensity exercise and its effect on endurance performance following inter exercise
recovery bouts. OSupp during high intensity exercise has been shown to increase power
and S202, with minimal changes in BLa and pH 15123, The effects of O2Supp on subsequent
endurance performance is yet to be documented conclusively, although some include

improvements in VOzpeak, VOzmax, and oxygen Kinetics 5124,

2.7.2 Acute Supplementation during Exercise

O2Supp has been shown to be effective during the recovery periods for maintaining/
increasing power output during sprint-based exercise, and it has also been shown to be
beneficial for improving longer duration efforts. This could be due to endurance

performance being largely limited by oxygen uptake.

The work by Bonetti et al., ?° found that participants who received O, (FiO; 0.6) during
‘work’ periods experienced positive effects on oxygen efficiency (lower oxygen demand
for same work output) and VOzpeak. Participants consumed less oxygen for any given
workload during O2Supp. Furthermore, work by Ulrich et al., ® examined the effects of a
medium O>Supp dosage (FiO. 0.5) on endurance performance, and found that maximal

workload (progressive exercise) and endurance time (constant load) increased
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meaningfully during O.Supp. Most importantly they found significant systemic increases
in O2 delivery (measured by NIRS), Sp02 and VO,. They also found significant increases
in tissue oxygenation in both cerebral and local muscle tissue. Bartholomew et al., 1?6 also
found that the higher the concentration of O, given during a test, the greater the
improvements in Wingate cycling performance compared to Normoxia. O.Supp has also
been shown to be beneficial in increasing TTE, by up to a 131% 8111214127130 Simjlarly,
Amann et al., 8 found that PPO and MPO were higher during a 5 km time trial with

increased oxygen content (FiO2 1.00).

Opposing these findings, Church et al., *3! Robbins et al., 13 and Snell et al., * all found
that O.Supp of FiO2 0.55-1.00 is insufficient to effect performance or oxygen kinetics when
used during performance or as a recovery tool. Given that O,Supp increases the delivery
of Oy therefore, it is likely that the methodology (long submaximal durations) of these

studies was not sufficient to elicit the responses others found during O2Supp.

2.7.3 Acute Supplementation during Recovery Periods

O2Supp has also been shown to be a useful tool when given during acute exercise
as well as when given in the recovery periods between successive exercise bouts. Findings
from research by both Holmberg et al., " and Kay et al., 1?® has found that the delivery of
FiO2 0.6-1.00 during recovery of 4-6 min in duration following repetitions of 30 s — 1 min
was sufficient to significantly improve both PPO in swimmers and cyclists alike. Maeda
et al., > also replicated these findings. Maeda et al., found that during exercise at 70% of
VOzmax for 5 x 5 min with O2Supp during 6 min recovery periods was enough to elicit
significant reductions in BLa. They also found that recovery was significantly faster during

the higher concentration (FiO2 0.8) than the four lower concentrations.
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O2Supp as a useful recovery tool has also been demonstrated by Hamalainen et al., *** who
found that O,Supp attenuates the decrease in SaO2 during subsequent exercise. Similarly,

Andersson et al., 13°

also found a similar increase in SzO> following a hyperoxic response
when used during the recovery periods between (2 min) a 6 x 3 min repeated sprint
protocol. Neither studies were able to find any significant decrease in pH level or BLa

because of O2Supp.

The success of O, as a performance enhancing tool is equivocal. Sperlich et al., ® found
that a duration of O2Supp (FiO2 1.00) for 6 min during recovery periods between 30 s
sprints was not sufficient to elicit any change in PPO, MPO or even BLa, despite each
athlete having a lower rating of perceived exertion. Additionally, Hauser et al., 3 found
that O.Supp (FiO2 1.00) during recovery from repeated sprint skiing was not a significant
stimuli to increase MPO, even though there was a large positive difference in endurance
performance variables. It is speculated that O>Supp may in fact cause reductions in
performance if the duration is to short and delivery is intermittent due to rapid changes in

internal oxygen equilibrium.

Additional, details of these studies can be seen in Table 2-2 and Table 2-3. The tables also
highlight many of the limitations of using O2Supp during exercise or subsequent recovery
periods. There is currently a lack of consistency in the FiO2 used, with it varying from 0.4
to 1.00. A consistent use of one concentration should be proposed so a consistent narrative
can be formed. Additionally, a consistent FiO> will enable direct comparisons between
studies - something that is currently lacking in O>Supp research. Another inconsistency

regarding when to use O>Supp - the most effective ‘time’ to administer O2Supp needs to
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be established before training modalities are manipulated effectively. Future research
should therefore focus on answering these research questions: 1) When exactly is O2Supp
most effective during a training session? 2) what is the common consensus in O2Supp

research when using a consistent FiO2 of 1.00?

2.7.4 Effects of Chronic Supplementation

Few studies have examined the long-term use of O>Supp so little is known about
the chronic physiological adaptations that O>Supp may stimulate. Those that have tried to
identify the long-term benefits of O.Supp have reported mixed results (Table 2-4). Most of
the O>Supp research applies a HIIT protocol to a multi week training intervention. One
commonly referenced study in HIIT is that of Burgomaster et al., ”°, who found that similar
adaptations are established during HIIT as those experienced through endurance training
(without additional aids). The major benefit of HIIT is it is significantly less training
duration to elicit the same adaptations.
Perry et al., ", Morris et al., *8, and Murray et al., 8 found that 3-5 hyperoxic sessions per
week for 3-6 weeks was enough to stimulate an improvement in time to exhaustion, PPO
and power at lactate threshold and power at maximum lactate steady state during cycling
(FiO2 0.6, 0.26, 1.00 respectively). Morris et al., 13 found that a combination of low
O.Supp and high O2Supp in a ‘Live High, Train Low’ approach resulted in significant
performance improvements for junior elite cyclists. Each participant lived at altitude and
then completed training with high oxygen availability, effectively living high and training
low. Every participant was able to train at higher intensities and significantly improve their
cycling time trial performance to 120 KJ of work and their maximum steady state power
by as much as 20 W. However, the stimulus from living at altitude may be the main driving

point for adaptation rather than the O>Supp training sessions.
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However, there is also evidence to suggest long term use of O2Supp in recovery or training

139 and

has no effect on performance measures. Perry et al., 1%, Ploulz-Snyder et al.,
Kilding et al., 1 found no improvements in either VO,max, PPO, maximum heart rate,
maximum lactate accumulation and no increase in muscle fibre recruitment or size in
response to training with supplementary oxygen. The duration of these studies ranged from
4-6 weeks, with HIIT as the main training stimulus, and used O»Supp concentrations
between 0.6-0.7.

In a later study, Perry et al., **" did find that after a 6-week O2Supp interval training plan,
PPO improved by 8% whilst at 90% of maximum heart rate. However, peripheral factors
such as metabolic overload were attributed to this improvement rather than the O2Supp
itself. Despite similar methodologies and oxygen content of the inhaled air (FiO2 0.60) in
their two studies, Perry et al., 1% found these conflicting results. In their second study they
found that enzyme activity in skeletal muscle was the same as the Normoxia condition, and
that O>Supp was not a significant extra stimulus above Normoxia at evoking pronounced
skeletal and whole-body oxygen uptake (measured using VO2max and muscle biopsies).
However, they did attribute the findings of their second study to an untrained population.

They suggested that the increase in stimulus from the training alone led to large changes,

but which were not different between conditions.

Recently, research is starting to assess the mechanisms underlying potential effects of
O2Supp on chronic adaptations. Cardinale et al., %° are at the forefront of this. They have
recently assessed the oxidative capacity of the peripheral muscle following O2Supp
training, using a muscle biopsy and high resolution respirometry. They found that a 3-

session a week, 6-week O,Supp training programme was not sufficient at eliciting
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additional stimulus for chronic adaptation, compared with training in Normoxia. Although,
Cardinale et al., found little difference between conditions in oxidative capacity, Ploulz et
al., found that O,Supp did improve the efficiency of the working muscles using oxygen
consumption (VO2) and mitochondrial enzymes (creatine kinase, 3-hydroxyacyl CoA

dehydrogenase and cytochrome c-oxidase).

The research into the chronic effects of O.Supp is scarce with varied results; from O>Supp
providing an additional positive training stimulus, to it having no effect on training at all.
The research therefore highlights the need to establish answers to pressing questions: 1)
Does O2Supp provide an additional positive stimulus during training interventions with
chronic exposure? 2) What are the mechanisms underlying the potential effects of O2Supp
during chronic use? 3) What training modality (HIIT or endurance) is most effective at

eliciting positive adaptations following chronic use of O2Supp?

2.8 Summary

Many new potential ‘ergogenic aids’, are available to the consumer, such as Boost
Oxygen®, Oxy Sport and OXY 99™, However, there is currently insufficient evidence to
support the long-term use of these products. The research conducted on the effects of
O.Supp is still equivocal. Studies have attempted to identify the effect of O.Supp on
performance using a range of concentrations from 0.30 to 1.00 with varying degrees of
success. Studies have also used O>Supp during different parts of a training session (before
exercise, inter repetition recovery and inter exercise recovery) making it difficult to
establish any strong consensus regarding results.
As shown by Table 2-5 and Table 2-6 there is a variety of concentrations that have been

administered during O2Supp, all with varying degrees of results. Therefore, this research
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will apply maximum dosage (FiO2 of 1.00) to each of the experimental chapters to build a
narrative within the literature. Future research can look at lowering this once a clear theme
has been established. Additionally, the administration procedures need standardising to
minimise inter study differences. The research conducted in this thesis will apply a
standardised methodology to each of the experimental chapters, as mentioned in chapter 3
- Methodology Chapter.

The research on chronic applications of O>Supp is sparse, and the few existing studies using
a variety of modalities (eg. cycling, swimming, hockey "#!41) and concentrations (0.60 to
1.00) similar to acute supplementation research. It is also evident that researchers are to
fully understand the mechanisms underlying the effects of supplementary oxygen.

It is evident that a minimum dose of FiO> value has yet to be identified, as this may be one
of the reasons there are large discrepancies between results of studies with broadly similar
methodologies. Future research should use an FiO, of 1.00 and identify its effects during
different tasks, before reducing it to identify a dose response relationship.

It is now prudent to provide research to fill the gaps within the literature to maximise the
potential benefits of O.Supp on sporting performance. If O2Supp is going to be used as an
impactful ergogenic aid many of these areas need to be explored and answered - when is
O>Supp most effective during a training session? and Can a short-term training intervention

influence performance or metabolic markers of performance?

2.9 Aims and Hypotheses of the Thesis
This thesis set out to investigate three main research questions.
- During which component of a repeat sprint cycling training session is O2Supp most

effective at increasing performance?
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- Which physiological mechanisms does O2Supp effect to allow for improvements in
performance capacity?
- Can a short-term training intervention influence performance or metabolic markers

of performance?

As there is yet to be a specific oxygen supplementation dosage recommended, this research
will use an FiO2 of 1.00 and maintain it throughout the experimental chapters, minimising
the effect of dosage. There are a series of 5 experimental studies that aimed to add empirical
information to the O»Supp research field, specifically those areas identified in this section

(Table 2-1).
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Table 2-1 Identified gaps in the literature leading to experimental chapters’ aims.

Chapter

Gap in the literature

Chapter Aims

1 -

Lack of research within the area of short high

intensity repeat sprint cycling during O2Supp.

To explore the effects of O,Supp, both during recovery and during cycling, on sprint cycle
performance.

To confirm the methodologies used throughout the latter thesis chapters.

Lack of consistent understanding of the importance

of timing of supplementation,

To determine whether O,Supp is more effective during or between repeat sprint intervals.

Lack of research identifying the mechanisms

underlying potential effects on performance.

To develop the understanding of the effects of O,Supp on repeat sprint cycling fatigue,

using twitch interpolation technique.

Lack of research identifying the mechanisms

underlying potential effects on performance

To further develop the understanding the effects of O,Supp on repeat sprint cycling during

using near infrared spectroscopy.

Limited number of training programmes using
O,Supp within SIT.
Additional mechanisms underlying chronic O,Supp

adaptation.

To explore the feasibility of using NIRS, arterial occlusions and repeated cycling sprints
during a multi session training study with periods of supervised and unsupervised training.
To identify whether the proposed methodologies (NIRS) are sensitive enough to detect

changes in muscle oxidative capacity using arterial occlusions.
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Supplementary Tables

Table 2-2 Acute effects of Oxygen Supplementation.

Participant Characteristics

Study Sample size, Gender, Measure Protocol Result
Populations
Age
3 visits. 4 x 4 min treadmill running at BLa is lowest during O2Supp. O: sats are
n = 6, Male (1), Female Endurance trained  Arterial O Sats, RPE,
Kyro et al., (1999) 50,60,70,80% of max. 3 different conditions 0.15, independent of FiO2. O2 sats decreased in
(5), 25 £ 4 years runners BLa

Bonetti et al., (2012)

Croftetal., (2013)

Andersson et al., (2011)

n = 16, Male, 248 =+

9.1years

n =10, Male, 22 + 2 years

n = 7, Male (5), Female

@), NIA

Well trained competitive

individuals.

Endurance trained
athletes

National level Kayak
athletes

MPO, PPO, HR, OXH sat

OXH sat, BLa, HR, PPO,

MPO

BLa, PPO, MPO, OXH

sat, RPE

0.21, 0.29.

2 groups, O2Supp (0.60) and NORM (0.21).
Baseline + fam. 12 x 2min with 2min recovery
then 5 x 5min with 3min recovery.

3 visits. Baseline + fam. 10 x 3min at 85% Vmax
with 90 s recovery. O2Supp 1.00 or NORM 0.21
during recovery and 15mins post.

2 visits. 6 x 3min with 2min recovery. O2Supp

0.99 or NORM 0.21 during recovery.

hyperoxia.
MPO sig better in O2Supp. SpO2 was higher
in BLa and

in  O2Supp. Small change

VOzpeak.

No Sig results. O2Supp only helped improve

OXH sats.

Only sig result — OXH sat improved. No sign

result in PPO or BLa or RPE.

Legend: FiO»- Fraction of inspired oxygen, min- Minutes, n — Sample size, BLa — Blood lactate, AT- Anaerobic threshold, PPO- Peak power, MPO- mean power, BV- Blood

volume, RPE- Ratings of perceived exertion, Sats — Saturation, Haem — Hemoglobin, NMF- neuromuscular fatigue, RPM- Revolutions per minute, HR- Heart rate, OXH —

Oxyhaemoglobin, HYPO- Hypoxia, O2Supp — Oxygen supplementation, NORM- Normoxia, TT- Time Trial, TTE- time to exhaustion, Q- Cardiac Output, VMax- velocity at

VO,max.
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Table 2-3 Continued. Acute Effects of Oxygen Supplementation

Participant Characteristics

Study Sample size, Measure Protocol Result
Populations
Gender, Age
3 visits. 1 Max measure + Fam. Visit 2-3 5 x 40 PPO and MPO sig diff in 1.00. Fatigue index No
n =12, Male, 21 + 3 PPO, MPO, fatigue

Holmberg et al., (2011)
years

n =14, Male, 21 £ 0.8
Maeda et al., (1997)
years

n=8, Male, 225+ 1.7
Amman et al., (2006)
years

n==6 Male, 24 £ 5
Peltonen et al., (2001)
years

Elite level swimmers

Healthy Individuals

Healthy trained cyclists.

Endurance

cyclists

trained

index, LT, NMF, RPE

BLa, AT

MPO, EMG, BLa, PPO

TTE, FiO2, Q, PPO,

MPO, BLa

butterfly strokes with 6min recovery at 1.00 or
0.21.

VOzmax + AT prior to experiment. 5 x 5min at
70% VO2max at 60rpm with 6min recovery at

0.21, 0.30, 0.40, 0.60, 0.80 Oz during recovery.

Baseline + fam. 4 sessions, 5km cycling TT at

0.21, 0.15, 0.24-0.30, 1.00 O.

3 visits, Incremental test 100 W every 5min until
exhaustion after 400 W up in 50 W increments at

either HYPO 0.15, NORM ~0.21 and O2Supp 0.31.

change. Enhanced PO, and haem sats with no

change in BLa or PH.

BLa sig lower during O2Supp. O2Supp improved

recovery at high AT.

Performance increased per Oz content. PPO+
MPO increased with Oz increases. MPO and time
increased by over 20% in 1.00.

FiO2 had a sig effect on PPO was 12.8% smaller
in HYPO and 5.5% greater in O2Supp then
NORM. VOzmax 13.6% greater in O2Supp than

NORM.

Legend: FiO2- Fraction of inspired oxygen, min- Minutes, n — Sample size, BLa — Blood lactate, AT- Anaerobic threshold, PP- Peak power, MP- mean power, BV- Blood volume, RPE- Ratings

of perceived exertion, Sats — Saturation, Haem — Haemoglobin, NMF- neuromuscular fatigue, rom- Revolutions per minute, HR- Heart rate, OXH — Oxyhaemoglobin, HYPO- Hypoxia, O2Supp

— Oxygen supplementation, NORM- Normoxia, TT- Time Trial, TTE- time to exhaustion, Q- Cardiac Output, Vmax- velocity at VO,max.
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Table 2-4. Chronic Effects of Oxygen Supplementation.

Participant Characteristics

Study sample size, Gender, . Measure Protocol Result
Populations
Age
Cardinale et al., n=32 Male(24), female Ultra-endurance 6-week training intervention. 15 sessions Small increase in O2Supp cycling performance. no

(2019)

(7) 34 £ 7 years

n = 15, Female, 28 * 4

Murray et al., (2016)

Perry et al., (2005)

Morris et al., (2000)

years
n =11, Male (8), Female
(3), 26 years (no SD
given)

n =15, Male, 17 + 1 years

Ploutz-Snyder et al.,

(1996)

Burgomaster et al.,

(2005)

n =19, Male, 23 + 2 years

n = 16, Male (14) female
(2), 25 + 2 years

cyclists
International ~ hockey
players
Active untrained

participants

Highly training cyclists

Untrained cyclists

Healthy untrained

cyclists

VOzmax, MITO, BV,

MAS,
RPE, BLa HR.

distance run,

\:/Ozmax, MPO, Vmax.

PPO, VO2max, BLa

HR, BLa, muscle
biopsies, Q.

VOzmax, muscle
biopsies, PPO,

endurance capacity

supervised and 10 non supervised at 0.21 or 0.30.

6-week training program. 3 groups OzSupp 1.00,
NORM pressurized 0.21, Control 0.21.

6-weeks in each condition (0.60 or 0.21) with 12-
week detraining in middle.

3-week training. 3 sessions supervised and 3 non
supervised Norm and O2Supp equivalent to 0.26.

5-week training intervention. 5 days a week
(0.21 or 0.70)

6 Sprint interval sessions over two weeks

change in VOzmax, MITO, BV and Haem.

MAS increased in OzSupp, no change in RPE, BLa,
or distance run. Lower HR in O2Supp.

No change in Vmax or VOzmax. 8% increase in MPO
with O2Supp.

No Sig changes in PPO, positive changes in BLa and
power at Vmax.

Q, BLa and VO: significantly decreased for same
workload in O2Supp. Both groups showed significant
increase in type 11 muscle fibers.

Endurance capacity doubled with no change in
VO2max, or PPO during O2Supp. Increase muscle

oxidative capacity (muscle biopsy) with O2Supp.

Legend: FiO»- Fraction of inspired oxygen, min- Minutes, n — Sample size, BLa — Blood lactate, AT- Anaerobic threshold, PPO- Peak power, MPO- mean power, BV- Blood

volume, RPE- Ratings of perceived exertion, Sats — Saturation, Haem — Haemoglobin, NMF- neuromuscular fatigue, RPM- Revolutions per minute, HR- Heart rate, OXH —

Oxyhaemoglobin, HYPO- Hypoxia, O2Supp — Oxygen Supplementation, NORM- Normoxia, TT- Time Trial, TTE- time to exhaustion, Q- Cardiac Output, VMax- velocity at

VO,max, MITO — Mitochondria oxidative capacity, MAS- Maximal aerobic speed, SD- Standard deviation.
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Table 2-5. Methodological Variations Within Oxygen Supplementation Studies.

Participant Characteristics Oxygen  Percentage and o . .
Study _ _ ) Administration Technique Result
Sample size, Gender, Age Populations Mixture
) Gas cylinder to 100 L Meteorological balloons.
n=6, Male (1), Female (5),25 Endurance  trained Fi020.15,0.21 & 0.29 BLa is lowest during O2Supp.
Kyro et al., (1999) Maintained at ambient pressure and humidified
*4 years runners Medical grade air Little change in performance.
before use.
Well trained F1020.21 & 0.60 MPO sig better in O2Supp. SpO2
Gas cylinder to 250 L Douglas bags. Humidified
Bonetti et al., (2012) n =16, Male, 24.8 + 9.1years  competitive Medical grade air mixed with was higher in O2Supp. Small
before use.
individuals. nitrogen change in BLa and VOzpeak.
Endurance  trained Fi020.21 & 1.00 Connected directly to medical oxygen cylinder, flow No Sig results. O2Supp only
Croft et al., (2013) n =10, Male, 22 + 2 years
athletes Medical grade oxygen rate of 10 L per minute. helped improve OXH sats.
n = 7, Male (5), Female (2), National level Kayak Fi0O20.21 & 0.99 No sign result in PPO or BLa or
Andersson et al., (2011) No data on procedure.
N/A athletes Medical grade oxygen RPE.
Fi0,0.21 & 1.00 PPO and MPO sig diff in 1.00.
Holmberg etal., (2011) n =12, Male, 21 + 3 years Elite level swimmers Gas cylinder to 250 L Douglas bags.
Medical grade oxygen Enhanced POz and haem sats
FiO, 0.21 0.30, 0.40, 0.60 & BLa sig lower during O2Supp.
Blended gasses (Bird 3800, microbrender), into 250
Maeda et al., (1997) n =14, Male, 21 + 0.8 years Healthy Individuals 0.80 O2Supp improved recovery at
L Douglas bags. Humidified to 50% before use.
Micro blended gases high AT.

Legend: FiO,- Fraction of inspired oxygen, n — Sample size, L- Litre, Peak power, MPO- mean power, RPE- Ratings of perceived exertion, Sats — Saturation, OXH —

Oxyhaemoglobin, HYPO- Hypoxia, O,Supp — Oxygen Supplementation, BLa — Blood lactate, AT- Anaerobic threshold.
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Table 2-6. Continued Methodological Variations Within Oxygen Supplementation Studies.

Participant Characteristics

Oxygen Percentage and

Study Sample size, Gender, ] ) Administration Technique Result
Populations Mixture
Age
. Fi0.0.15,0.21, 0.24-0.30 & PPO+ MPO increased with Oz increases.
Healthy trained o )
Amman et al., (2006) n =8, Male, 22.5 + 1.7 years st 1.00 No data on procedure. MPO and time increased by over 20% in
cyclists.
Medical grade air 1.00.
. Gas cylinder to 250 L Douglas bags. Humidified FiOz had a sig effect on PPO 5.5% greater
Endurance trained Fi020.21 & 0.31 y g g ) g. g )
Peltonen et al., (2001) n =6, Male, 24 £ 5 years . . . before use. And a taro oxygen concentrator to a200 in O2Supp. VOzmax 13.6% greater in
cyclists Medical grade air.
L Douglas bag. O2Supp.
Small increase in O2Supp cycling

Cardinale et al., (2019)

Murray et al., (2016)

Perry et al., (2005)

Morris et al., (2000)

Ploutz-Snyder et al.,
(1996)

n = 32, Male (24), female (7)
34 +7 years

n =15, Female, 28 + 4 years

n =11, Male (8), Female (3),
26 years (no SD given)

n =15, Male, 17 + 1 years

n =19, Male, 23 + 2 years

Ultra-endurance

cyclists

International ~ hockey

players

Active untrained

participants

Highly training cyclists

Untrained cyclists

FiO2 0.21 & 0.30 Medical

grade oxygen

FiO2 0.21, pressurized 0.21
& 1.00

Medical grade oxygen
FiO,0.21 & 0.60

Medical grade oxygen
FiO,0.21 & 0.26

Medical grade oxygen

Fi020.21 & 0.70

Medical grade oxygen

Dosing unit used to send gas bolus into a face mask
per breath using a gas cylinder.

Breathing directly from cylinder at 8 L per minute.

Gas cylinder to 300 L reservoir bags. Humidified
before use.

Gas cylinder to 120 L reservoir bags. Humidified
before use.

Gas cylinder to a mixing chamber, then hydrated
and humidified, then connected to 5000 L
meteorological balloon.

performance. no change in VOzmax,
MITO, BV and Haem.

MAS increased in O2Supp, no change in
RPE, BLa, or distance run. Lower HR in
O2Supp.

No change in Vmax or VOzmax. 8%
increase in MPO with O2Supp.

No Sig changes in PPO, positive changes

in BLa and power at Vmax.

Q, BLa and VO: significantly decreased

for same workload in O2Supp.

Legend: FiO,- Fraction of inspired oxygen, n — Sample size, L- Litre, Peak power, MPO- mean power, RPE- Ratings of perceived exertion, Sats — Saturation, OXH —

Oxyhaemoglobin, HYPO- Hypoxia, O,Supp — Oxygen Supplementation, BLa — Blood lactate, AT- Anaerobic threshold.
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3 - Methodology Chapter

The Main Methodologies Used Throughout the Experimental Chapters
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3.1 Introduction

The research in this thesis was conducted in accordance with the Declaration of
Helsinki. In all cases, ethical consideration, and comprehensive risk assessment documents
were provided to and approved by the University of Essex Ethics Committee, prior to
conducting experimental analysis. All participants provided written informed consent
detailing that they were informed and happy to partake in every aspect of each study.
The experimental data collected throughout the experimental chapters (chapters 4-9) is
numerical quantitative data in nature. Physiological data collected were used to represent
primary physical outcomes (Power (W), NIRS and fatigue).
A large amount of experimental measures were replicated across each of the experimental
chapters. The reoccurrence of these measures are outlined within this chapter. Other
experimental measures are introduced within the experimental chapters during which they

are used.

3.2 Reoccurring Methods

Several different methodologies were used to identify the effectiveness of O>Supp
within a sporting population. Various combinations of methodologies (NIRS, Rate of
Perceived Exertion (RPE), and Iso kinetic dynamometer with twitch interpolation) were
selected throughout the experimental chapters in order to give a comprehensive overview
of O>Supp on repeat sprint cycling.
Table 3-1 shows the measures included during each experimental chapter. The reoccurring
measures (measures that appear in two or more experimental chapters) are discussed in

more detail in the paragraphs that follow.
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Table 3-1 Measures conducted in each experimental chapter

Measure )
Experimental Chapter

Sprint Cycling
Blood Lactate
Rating of Perceived
Levels of Exertion
Near Infrared

Spectroscopy

3.2.1 Sprint Cycling

During the experimental chapters 1 through 5 the physical work was conducted on
a Wattbike Pro model — B cycle ergometer (Wattbike, Nottingham, UK). Wattbike are
cycle ergometers with varying degrees of resistance and functionality (exercise modes).
Wattbike pro has various mechanisms for applying resistance to the cyclist. There are two
main ways; air resistance flywheel and a magnetic resisted flywheel. The air resistance
flywheel works by regulating the flow of air entering the flywheel by increase the size of
the hole in which air flows into the flywheel (bigger the hole the more air flows through
it). The air resistance flywheel is there to replicate the ‘gears’ on a road bike whilst cycling
on flat road. Setting 1 (low) simulates the easiest gear, increasing until 10 (high) the hardest
gear on the bike. The magnetic resisted flywheel on the other hand, is designed to replicate
the ‘gradient’ of the road. Similar, to the air resistance, 1 (low) simulates a flat road and 7

(high) a steep gradient.
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Wattbike Pro’s strain gauge measures the force applied to the chain through each pedal
revolution at 100 Hz. Due to the functionality of the Wattbike, over 40 variables (including
peak power, mean power, cadence, work, and speed) can be collected at 100 Hz per pedal
revolution. The accuracy of the Wattbike is a reliable power measure for trained athletes
and has been shown to be accurate to within 2% across the full range of Watts (0-3760 W)
with a high reproducibility (CV = 2.6%, 95% CI = 1.18-5.1%) 4243, During the
experimental chapters, variables such as, mean power output (W), peak power output (W),
relative mean power output and relative peak power output were used for statistical
analysis. The conversion of peak and mean power output to relative power output was
conducted to consider each participants body mass. The power output of the participant
(peak and mean) was divided by their body mass to give a power output relative to their
body mass. This allowed for classification of performance status (power to weight) and the
ability to directly compare each participant with one another.

Mean power output was used to determine the extent of performance decline throughout
the 10 repeated sprints. Performance decline was calculated taking the first sprint (highest)
and then their sprint with the lowest power output and calculating the percentage decline.
Percentage decline = [(highest— lowest) / highest] *100. The higher the number the greater

the decline in performance.

During each experiment participants were required to complete a pre-set protocol
programmed into the Wattbike display unit. Programme consists of three distinct sections:
warm up, recovery, and sprints. Warm up consists of 5 min at an air brake of 4 and a
cadence of 70-80 rpm. The recovery section was a 5 min static recovery seated on the bike.

The sprint protocol consisted of 10 x 15 s sprints with 45 s of static recovery.
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3.2.2 Oxygen Administration

The main independent variable of the thesis was the manipulation of the content of
air the participants were required to inspire. Each study used the same underlying
methodology and equipment during various time frames. Hyperoxic gas was used to fill up
a rig of 4 x 200 L Douglas bags (Hans Rudolph, Shawnee, KS, USA) (see Figure 3-2).
Each rig consisted of 4 x 200 L Douglas bags connected via four 34" long breathing tubes
EVA with a diameter of 35 mm.
Oxygen supplementation was created using medical grade oxygen (British Oxygen
Company, Surrey, UK) and stored in a size G cylinder prior to administration. The gas was
administered to the participants via a face mask (Hands Rudolph 7400 Series Silicone
Vmask™ Oro-Nasal Mask) which was attached to a T-shaped two-way non-rebreathing
valve, via a 72" long breathing tubes EVA with a diameter of 35 mm. The 72" breathing
tube had a dead space of 1.76 L. Therefore, it would take approximately 3 breaths to clear
the air in the tubes. Administration of either mixtures was started and stopped 5 s prior to
the start and end of the specific administration periods (sprint, inter sprint recovery), to
ensure timings of the gas administration were accurate throughout. During the Normoxia
sessions participants were administered normal atmospheric air, via the same rig set up in
order to minimise placebo effect. Douglas bags were filled with atmospheric air was via an
electric air pump (Bosch GmbH, Stuttgart, Germany). During pre-experimental pilot
testing the medical oxygen was pumped into four Douglas bags, and left for 45 minutes to
test the seals of the bags and three-way valves. The bag was monitored and tested for
oxygen percentage every 5 minutes for 45 minutes. After 45 minutes the content of the bag
was still 99.8% oxygen with less than 0.3 L of gas escaping in the 45minutes. This

established an appropriate storage and administration strategy for medical grade oxygen.
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Figure 3-1. Hans Rudolph Mask and Two-Way Non-

Figure 3-2. Douglas bag rig set up

Rebreathing Valve

3.2.3 Blood Lactate

During exercise by-products are excreted due to the metabolic function of
biological tissues. Lactate within the blood is a by-product that is widely measured within
sport due to its relative ease to measure. Lactate is found within the blood and can be used
as a measure of metabolic function. Capillary samples are typically taken from the ear
lobule or the index finger. BLa has been shown to be consistently higher in the finger than

the ear lobule. During this thesis the right ear lobule was used for EVERY sample.
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During each specimen a 20 pl capillary BLa sample was taken from the right ear lobe. Each
sample was mixed with haemolysing solution within a 0.5 ml haemolysing solution cup
(1:50 ratio). The haemolysing solutions prevents haemolysis (rupturing of red blood cells)
during the sampling process. Once collected each specimen was analysed using a Biosen
C- Line Clinic lactate analyser (EKF diagnostics, Cardiff, UK). The Biosen lactate analyser
measures each sample by a process called enzymatic-amperometry using chip sensor
technology. Biosen C- Line Clinic has been shown to accurate and reliable to a CV < 1.5%.
Following the sampling all specimens were analysed and destroyed within 24 h of

withdrawal from the participant.

3.2.4 Rate of Perceived Exertion

Rating of perceived exertion is the use of an ordinal scale where individuals can
describe the physiological effect at which they perceive they are working at, at any given
moment. The most widely recognised way of reporting this is through the use of the ‘Rate
of Perceived Exertion’ (RPE) scale **4. The scale consists of a fifteen-point vertical list of
numbers which are supplemented by a descriptor every other point, from ‘6- No Exertion’
to ‘20 — Maximal Exertion’. RPE has been shown to be strongly correlated with both heart
rate and BLa, regardless of gender, age, testing modality and ability 145146,
In order to investigate the relationship RPE has with exercise during O>Supp it was

included in chapters 1-5. RPE was included as a secondary focus of the research.

3.2.5 Near Infrared Spectroscopy
NIRS is a non-invasive method of measuring the presence of oxygen within
biological tissue, especially muscle. NIRS technology works on the premise of transmitting

infrared light into biological tissue and calculating how much is absorbed. NIRS
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technology is based on two main principles; firstly, that biological tissue has been shown
absorb light in the near infrared region (700-900 nm) and secondly that biological tissues
are oxygen dependent on absorbing infrared light.

NIRS assesses the changes in oxygen concentration (oxygenated [O2Hb]/ deoxygenated
[HHb]) haemoglobin (Hb), myoglobin (Mb) and cytochromes. The changes in
concentration of oxygen (thus light absorption) vary over time, which provide evidence on
the status of tissue oxygenation. The current understanding is that NIRS signals cannot
distinguish between the oxygenation status of Hb and Mb individually. Therefore, the
NIRS output should be inclusive of Hb and Mb together (O.Hb + O.Mb) whenever a
oxygenation value is mentioned, thus throughout this thesis for ease it will be referred to
as only O2Hb. The same occurs for the deoxygenation values as they are also inclusive of
HHb + HMb and will therefore be referred to as HHb alone.

NIRS works by emitting an infrared light into a biological tissue, which penetrates the
tissue, the light is absorbed in different quantities and the amount that is refracted back and
detected by a light detector once leaving the tissue. The Beer Lambert Law is then used to
identify the change in the light absorbed and measure changes in O2Hb and HHb. The Beer-
Lambert Law describes the absorption of light in a non-scattering medium. Human tissue
on the other hand is a scattered medium, therefore a modified Beer Lambert law is used.
The modified law takes into account the amount of light lost due to scattering and includes
a differential pathlengths factor (DPF). DPF is different for different muscle groups. The
DPF for the quadriceps is 4 as used by Ruiter et al., 1*’. Therefore, during this thesis a DPF
of 4 was used throughout.

Spatially resolved spectroscopy (SRS) utilises several light sources at varying distances
from the light detector. Light intensity from infrared is detected leaving the tissue and is

measured at different distances from the source then it is possible to derive the absorption
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and scattering coefficients of the tissue. Using this method ratios of oxygenated

148

haemoglobin can be derived and scaled to identify absolute haemoglobin concentration

Receiver Transmitters
Rx1 Tx1 Tx2 Tx3

Tissue

Figure 3-3. Diagram of spatially resolved spectroscopy (SRS) 1491%0

Participants wore the portable NIRS device on the belly of the right vastus lateralis
(PortaMon, Artinis Medical Systems B.V., Elst, The Netherland). Any bodily hair was
removed within the device placement area and cleaned with an alcohol wipe to remove any
moisturiser or shaving cream residue.

The device was placed 3 cm anterior to the midpoint between the top of the greater
trochanter and the lateral epicondyle of the right knee 1. The device was subsequently
taped with an adhesive wrapping and secondly wrapped with a blacked-out sports strapping

to eliminate the chance of ambient light being detected.
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The device was attached to the leg by the same researcher on every occasion, ensuring an
external pressure of less than 20 mmHg on the device 2. The external pressure was
achieved during pilot testing using a MicroLab, PicoPress bladder placed beneath the NIRS
device. Indelible ink was used to draw around the device to guarantee accurate NIRS
placement during the subsequent visits. Throughout the experimental protocol the NIRS
device was connected to a personal computer via the Bluetooth™ system for data
acquisition (10 Hz), and conversion from analogue to digital data.

Throughout this thesis NIRS data was processed in line with the methodology suggested
in Rodriguez et al., 1* research. A one second moving average was applied to the data to
attenuate the “noise” in the signal, whilst maintaining the integrity of the original data. This
has been shown to be one of the most effective ways of smoothing the data ready for
statistical analysis.

NIRS signals O2Hb + O2Mb, make up the oxygenation trace that is used to examine the
rate of reoxygenation of the muscle following a desaturation period. Reoxygenation rate is
the speed at which the body can recovery peripheral muscle oxygen levels. Additionally,
HHb + HMb make up the deoxygenation portion of the NIRS trace, used to examine the

extent of deoxygenation during periods of work.
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Figure 3-4. Diagram of Near Infrared Device Placement

3.3 Statistical Analyses

IBM SPSS version 21-25 software was used for all statistical analyses (IBM Corp.

Released 2013. IBM SPSS Statistics for Windows). Experimental chapters use the newest

version of the IBM SPSS available at the time. The algorithms used to run the statistical

tests do vary slightly from version 23 to 25, although themes of data are the same. Small
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variations in the physical number for significance may be different across each
experimental study and is taking into consideration during thesis discussion 4157,
Sample size was calculated for all experimental chapters and was established that samples
sizes between 8 -12 were sufficient to determine a difference in the primary outcome
measure (mean power output). A priori power analysis revealed that 8 participants would
provide significant power to detect differences at an a-level of 0.05 for experimental
chapter one (GxPOWER 3.1 Software, Dusseldorf, Germany). Means and standard
deviations from the literature were used alongside meaningful differences (change in 30
W) to determine sample size for experimental chapter one. The subsequent chapters used
the group means and standard deviations of chapter one due to the large effect size and
power. The data was then deemed acceptable for further power analyses for subsequent
experimental chapters.

Repeated measures ANOVAs were conducted in each experimental chapter. Where
repeated measures ANOVA was used, sphericity was assessed using the Mauchley’s test
of sphericity. During One-Way ANOVA'’s and t-tests, heterogeneity of the data was
assessed using Levene’s test for equality of variance. ANOVAs were primarily used to
answer each of the hypotheses during the experimental chapters

Pearson’s correlations were conducted to test the relationships between two continuous
variables. For example, - Experimental Chapter: Pearson’s correlations were used between
tissue oxygenation and power output between the two experimental conditions. A
correlation coefficient between 0.1-0.3 was classified as a small correlation, 0.3-0.5 was
classified as a medium correlation and 0.5-1.0 was classified as a large correlation. This is
the same for both positive and negative coefficients. Correlations define the fit of the data,

identifies the variation in the data and the relationships in the data (linear or nonlinear).
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Paired samples t-tests were conducted during each experimental chapter for post hoc
analysis of both primary and secondary measures. t-tests were used to identify mean
differences in conditions for each variable (mean power, peak power, BLa) during sprints

at an individual level.

3.3.1 Imputation of Missing Values

Data was imputed using ‘Expectation Maximisation Imputation’ following a
missing value procedure to assess whether data was missing at random or not. Expectation
maximisation is an iterative method to compute maximum likelihood estimates from
incomplete data series 1°8. Little’s MCAR test was initially conducted on each data set to
assess whether data was missing at random or whether there were patterns to the missing
data (i.e. all the start or end values missing). The null hypothesis for Little’s MCAR test is
that the data is missing completely at random. If the results from the Little’s MCAR are
non-significant, estimation maximisation imputation can be run to complete the incomplete
data series 1*°.
An a-level of 0.05 was set to signify statically significance across all experimental chapters.
As well as the use of p values, Cohens d effect size and confidence interval statistics were
used when appropriate to identify the magnitude of effects. Additional statistical analysis

that is specific to that chapter alone is presented in the relevant section.
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4 - Experimental Chapter:

When Is Oxygen Supplementation Most Effective for Sprint Cycling

Performance?

A version of this chapter has been submitted for review as a research article. —
European Journal of Sports Science.
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4.1 Abstract

4.1.1 Objectives

Concurrent supplementation with oxygen enhances performance but this type of
delivery is not feasible in performance situations due to the size of equipment and expertise
needed. This study aimed to determine exactly when hyperoxic gas elicits the greatest
effect on cycling performance. We aimed to determine whether O>Supp given after a
fatiguing task but prior to repeated sprints had a similar effect to when O>Supp was given

during the sprints alone.

4.1.2 Design and Methods

Eight trained male amateur level cyclists underwent four visits to the laboratory.
Each session comprised a pre-fatiguing task (15 km cycling time-trial), 15 min recovery
(100% oxygen (H) or Normal (N) air), followed by 10 x 15 s repeated sprints (during which
time H or N was given). The 4 conditions were NN, HN, HH & NH. Repeated measures
ANOVA’s (p < 0.05) were used to examine difference between conditions in power output

(peak and mean W).

4.1.3 Results
Peak and mean power output were significantly increased during full hyperoxic

(HH, 4% and 3% respectively) compared to normoxic (NN) condition (p < 0.05).

4.1.4 Conclusion
O2Supp (FiO2 1.00) during exercise and recovery appears to elicit the greatest

improvements in peak and mean power, without increasing lactate accumulation. This
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shows that use of supplementary oxygen is beneficial during a maximal activity, and

between set exercise recovery periods.

Keywords: Supplementary oxygen, maximal effort, sprinting, power
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4.2 Background

Following the literature review (Chapter 1) several areas of research were apparent,
one being the need to narrow down the specific timing of administration within O2Supp
research. Additionally, tables 2-5, and 2-6 highlight the need to standardise both the FiO-
as well as the procedure used to administer O.Supp within the research. Experimental
chapter one has been designed to begin to answer when the most effective time to

administer O>Supp is and to standardise the methodologies used to achieve this.

4.3 Introduction

Supplementary oxygen was removed from the ‘World Anti-Doping Agency’
(WADA) % panned lists (2010), and has since gained significant attention from sport
scientists 22 as both a performance and recovery enhancing tool.
O2Supp has been administered at many different performance time points; before exercise,
during and between exercise bouts !, yet the exact timing of supplementary oxygen in
relation to the greatest acute or chronic performance enhancement is not yet clear. At rest
arterial haemoglobin is almost 100% saturated with oxygen, and the consumption of
O2Supp has little to no effect on subsequent performance 1. As a result, the temporal focus
of O2Supp has moved away from before exercise, to during the performance and during
recovery bouts between intervals.
Ergogenic aids are any aid that leads to a direct increase in performance capacity, some
aids have been shown to increase this ceiling or reduce the BLa concentration for any given
workload 7. The performance improvements with O,Supp are shown as increased
physical work and changes in metabolism too. O>Supp effects the accumulation of BLa by
increasing the efficiency of the aerobic metabolic processes *3. Increasing the efficiency

of these pathways results in the sparing of fuel and attenuates accumulation of by-products.
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BLa accumulation and increase of hydrogen ions (H") leads to the desensitisation of the

cross bridges which subsequently causes peripheral fatigue and the termination of exercise.

Under the WADA guidelines administration of O.Supp during competition is illegal, and
not surprisingly several researchers have shown this is where the greatest performance
benefits can be achieved 211, Amman et al., 8! found that the consumption of varied levels
of O2Supp (FiO2 0.24-1.00) during 5 km cycling time trials resulted in significant increases
in both peak and mean power (W), and faster times by up to 20%. O>Supp has also been
shown to improve dynamic knee extensor exercise during varied FiO2 (0.21 or 1.0). In this
case, O-Supp induced a 10 W increase in power output during the final minute of dynamic

leg extensions 111,

Several studies provide supplementary oxygen during the recovery periods between intense
exercise bouts and this has been shown to be effective at both improving and maintaining
performance during both long (> 3 min) and short (< 45 s) duration recoveries 3712,
Research by both Sperlich et al., ” and Kay et al., %6 found that the delivery of FiO2 of 0.6-
1.00 during 4-6 min recovery following repetitions of 30-60 s was sufficient to significantly
improve peak power (4-6%) output in swimmers and cyclists alike. Similarly, pilot data
conducted in our lab found that when O>Supp was administered to cyclists during the
recovery period between sprints (10 x 15 s sprints, 45 s recovery), they were able to elicit
significant improvements in mean power output (4%).

However not all researchers have found O.Supp during recovery intervals to be beneficial
on subsequent performance. Sperlich et al.,® found that O2Supp (FiO2 1.00) given during

6 min recovery periods between 30 s sprints was not sufficient to evoke a change in peak
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power, mean power or even BLa, despite athletes reporting a reduced rating of perceived
exertion.

The available data directly comparing the influence of O>Supp are sparse, both due to the
lack of studies, the large variation in the FiO given to participants and similar exercise
modalities. It appears that the most effective time to use O.Supp during short term high
intensity exercise in order to improve performance, remains equivocal. Therefore, the aim
of this study was to evaluate the effects of inhaling hyperoxic gas (FiO2 1.00) during
recovery periods and/or exercise on cycling performance. Previous work has researched
the effects of O>Supp during recovery or during exercise but not combined. This will be
the first study to combine O2Supp during both recovery and or sprints. This study will allow
practitioners to identify the most effective time to administer O.Supp in a training
programme. ldentifying the most effect time to administer O>Supp will aid many sporting

events that involve repeated high intensity intervals within training and competition.

It was hypothesised that the greatest increase in cycling performance would occur during
the full hyperoxic condition compared with both partial O>Supp or a control (Normoxia
condition). Second, it was hypothesised that during the full O.Supp condition, BLa would

be compared with the other conditions.
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4.4 Methods

4.4.1 Study Design

In order to identify the effects of O.Supp on repeated cycling performance, four
different conditions were identified. A combination of gases was administered in a recovery
period following 15 km pre fatiguing cycle, and during a set of repeated sprints. The
protocol replicates similar training undertaken by track points race cyclists, as they
complete high intensity sprints after several laps around the track.
Eight male cyclists completed four sessions each in a randomised cross-over design
whereby two participants conducted each study order. Each testing session occurred at the
same time of day (x 2 h) for each participant. Performance variables (peak and mean power)
were measured throughout each exercise task. BLa was measured at consistent intervals

throughout the whole study.

Eight healthy male amateur level cyclists from University of Essex participated (26.5 £ 5.2
years; 85.1 £ 11.7 kg; 1.82 £ 0.01 m). To ensure homogeneity of ability, participants were
required to evidence that they were able to complete a 10-mile cycling time trial (TT)
between 26- 28 min prior to taking part in the study.

Participants were requested to refrain from alcohol and caffeine prior to participating, 24 h
and 4 h respectively. Participants were informed of the procedure, completed written
consent and a pre-exercise readiness health questionnaire. Ethical approval for the study

was granted by the University of Essex ethics committee.

4.4.2 Experimental Protocol
Prior to completing the repeated sprints, participant completed 15 km TT as a pre-

fatiguing task. This cycle was followed by 15 min ‘post TT recovery’ period where the



Page 86 of 254

middle 5 minutes was active recovery to allow for warm up prior to intense repeated sprints.
Finally, participants completed 10 x 15 s sprints, interspersed with 45 s recovery. Each
participant completed 4 visits in a randomised counterbalanced order; Normoxia in the 15
min post TT recovery and during the 10 x 15 s sprints (NN), O2Supp in both post TT
recovery and sprints (HH), O>Supp in the post TT recovery and Normoxia in sprints (HN)

and Normoxia in post TT recovery and O2Supp during sprints (NH) (Figure 4-1).

The four visits to the laboratory were separated by a minimum of 48 h and completed over
a 3-week duration. Hyperoxic (O2Supp - FiO2 1.00) and normoxic (FiO2 0.21) gas mixtures
during recovery and/or sprints, were administered via a rig of 4 x 200 L Douglas bags,
connected to a mask and head net (Hans Rudolph, Shawnee, KS, USA). O>Supp was
created using medical grade oxygen (British Oxygen Company, Surrey, UK) prior to
administration. The washout period for medical oxygen is unknown, although the internal
environmental changes take 15 s to detect changes in oxygen concentration, similar to
hypoxia 162, Therefore, training stimulus (fatigue) is purported to be the only reason for 48

h recovery period following each session.

Prior to the start of any physical activity, a pre-exercise 20 ul capillary BLa sample was
taken from the right ear lobe. Each sample was mixed with haemolysing solution within a
0.5 ml haemolysing solution cup. Subsequent lactate samples were taken every 2 min
during recovery post TT. Further samples were taken during recovery from each sprint
repetition. All samples were analysed within 1 h of withdrawal during which they were

kept cool and stored in a secure biohazard fridge.
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The 10 x 15 s maximal cycling sprints with 45 s of recovery (1:3 Work rest ratio) ° were
undertaken on a stationary cycle (WattBike, Nottingham, UK). Mean sprinting power for
each of the 10 sprints was determined per individual. A ‘group mean’ sprinting power for
each individual sprint, in each condition was also calculated using the average of each
participant’s sprint 1 to sprint 10. The same process was used to calculate individual and
group peak sprinting power. Mean power output was used to determine the extent of
performance decline throughout the 10 repeated sprints. Performance decline was
calculated taking the first sprint (best) and then their sprint with the lowest power output
and calculating the percentage decline. Percentage decline = [(best — worst) / best] *100.

The higher the number the bigger the decline in performance.
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4.4.3 Statistical Analysis

All statistical analysis was performed using the statistical package, SPSS statistics
version 21 for windows (SPSS, Inc, Chicago, IL, USA). Statistical analysis was performed
using two-way within group ANOVA, to analyse the effect of condition on mean power
(W), peak power (W), and BLa (mmol-L1) and the effect of time across the 10 sprints.
Partial eta squared values were calculated to determine overall effect sizes. In the case of
large effect size, post hoc tests were used to look between conditions. Post hoc analysis
was conducted using paired samples t-tests with Bonferroni correction on sprints at an

individual level. a-level was set to p = 0.05 for all data analysis.
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45 Results

Time Trial. There was no significant difference between the work (J) conducted in
the TT prior to the sprints in any of the four conditions, F (3,21) = 2.98, p = 0.06. HN =
1471.78 + 13.57 J, NH = 1586.69 + 17.32 J, HH = 1482.68 + 14.65 J, NN = 1462.01 *
11.86 J.

Mean Power. There was a significant main effect of time across the 10 Sprints F
(9,45) = 11.24, p < 0.01, #p? = 0.69, but no significant main effect of condition F (3,15) =
3.05, p = 0.06, #p> = 0.48 (Figure 4-2). No interaction effect was evident. The post hoc
analysis showed that HH induced an average power 4.2% higher than HN (p < 0.05), which
is (HH) also 3.2% higher than that of NN (p = 0.02) (Figure 4-2). No significance was

shown following post hoc analysis at an individual sprint level p > 0.05.

950 -~ —e—HN

900 A
850 A
800 A

750 A

700 A
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Average Power (W)

600 A
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500 A

450 T T T T T T T T T

No. of Sprints

Figure 4-2. Mean cycling power output over 10 sprints in four conditions (n = 8).
Legend: O>Supp -Normoxia; HN, Normoxia — O>Supp; NH, O>Supp- O2Supp; HH,

Normoxia — Normoxia; NN, Watts; W.
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Peak Power. There was a significant main effect of time across 10 sprints F (9,45)
=7.30, p < 0.01, %= 0.59. There was no main effect of condition in peak power F (3,15)
= 0.83, p = 0.50, #p? = 0.14. However, given the large effect size, further analysis was
carried out and it was found that HH induced a peak power of 841.5 + 60.7 W, which was
3.5% higher than the NN condition (810.3 + 61.0 W, p > 0.05). There was also a non-
significant difference (3.7%) peak power in the HN condition (840.1 + 82.4 W) compared
with NN (810.3 £ 61.0 W, p > 0.05). NH was not significantly different to any of the other
three conditions (842.8 £ 61.0 W, p > 0.05). No interaction effect between condition and

time was evident (Figure 4-3).

1,050

950

850

Peak Power (W)

750

650

HN NH HH
Conditions
Figure 4-3. Peak cycling power output four conditions -M £ SD (n = 8).
Legend: O.Supp-Normoxia; HN, Normoxia -O2Supp; NH, O2Supp - O.Supp; HH,

Normoxia — Normoxia; NN,
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Lactate Accumulation. There was no difference in lactate accumulation during the
recovery prior to the repeated efforts across the four conditions, F (3,15) = 0.23, p = 0.87,
np>=0.04, nor in the lactate accumulation during sprints across the four conditions, F (3,12)

=0.73, p = 0.55, 5,2 = 0.15 (Figure 4-4).

16

Ear Lobe Blood lactate Concentration (mmol L-1)

5 6
No Of Sprints

Figure 4-4. Mean lactate accumulation over 10 sprints in four conditions (n = 8).
Legend: O>Supp-Normoxia; HN, Normoxia -O2Supp; NH, O.Supp - O2Supp; HH,

Normoxia — Normoxia; NN,

Performance Decline. There was no significant difference between the performance
decline throughout the sprints in any of the four conditions, F (3,18) = 0.98, p = 0.43. HN

=30.59 £ 4.61%, NH = 22.54 + 4.67%, HH = 26.04 + 3.54%, NN = 31.14 + 5.29%.
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Figure 4-5. Percentage decline in cycling mean power output across the four
conditions — M £ SD (n = 8).
Legend: O2Supp-Normoxia; HN, Normoxia -OSupp; NH, O>Supp — O2Supp; HH,

Normoxia — Normoxia; NN
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4.6 Discussion

The aim of this research was to determine the effect of O>Supp on sprint cycling
performance, dependent on the timing of supplementation. The current study found that
O2Supp during recovery periods and exercise was most effective in eliciting increases in
mean power output, HH was 4.2% higher than control condition NN. O2Supp during
exercise bouts alone (NH) was the second most beneficial administration time, with HH
mean power output only being 1% higher than NH. Sprint cycling performance when
O2Supp was given during the pre-sprint recovery period was 3.2% higher than the mean

power in NH condition.

The increase in mean sprint cycling performance seen during the HH and NH conditions
can be credited to a number of different factors; the rate of PCr resynthesis, the efficiency
of clearing metabolic by products, and an increased potential to use aerobic ATP
regeneration. Although, PCr resynthesis was not directly measured within this study, the
maintenance of BLa levels with increased power output, it can be speculated that this is as

a direct result of increased PCr resynthesis 1.

Administering O2Supp throughout the session likely influences the resynthesis of PCr. The
effects of O2Supp prior to exercise dissipate quickly due to the rapid diffusion of dissolved
oxygen into/ out of the blood, and due to arterial haemoglobin (S.O2) being near fully
saturated at rest 21, However, during exercise there may be a drop in S.O2 of up to 15%,
and concurrent O2Supp has been shown to increase full body oxygenation, increasing S.O-
by as much as 7% . This has been demonstrated when O,Supp at an FiO2 of 0.4 was used

during and after 9 x 300 m running sprints 34,
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The combination ATP and PCr provides the energy needed during high intensity exercise
lasting between 10-15 s. Consequently, repeated sprint exercise continuously depletes PCr
stores. A 45 s rest after 10 s of high intensity exercise only replenishes ~75% of total PCr
stores 84, Consequently, after the 5™ successive sprint in a series, PCr stores will become
significantly diminished resulting in a reduced sprinting ability. Even though, the PCr
energy system is anaerobic in nature, its resynthesis requires oxygen. The resynthesis of
PCr occurs using products from both the Krebs cycle and aerobic glycolysis, which have
been shown to be enhanced following the use of O.Supp *°. Enhanced PCr resynthesis due
to the consumption of hyperoxic gas %1 will allow performance to be maintained for

longer — as seen in the current study.

There is a small (< 10%) aerobic contribution to energy production during a short (up to
30 s duration) maximal effort sprint and is suggested that this contribution increases as
sprints are repeated, perhaps due to the alterations in oxygen kinetics 4. This is part due
to increased oxygen demand post sprints in order to re-establish the saturation of myoglobin
with oxygen and PCr. This may result in subsequent sprints starting at progressively higher
VO,. Additionally, Bogdanis et al.,*” found that aerobic metabolism during the second
sprint (30 s) provided ~49% of the energy yield. These values were estimated due to an
increase in oxygen uptake by ~0.5 L-min? (increase of 20%). These findings can be
explained by Wagner ® who concluded that an increased FiO raises the partial pressure of
oxygen in the blood and resultantly increases VO.max (sparing anaerobic energy at higher

workloads).

Accordingly, an increase in peak and mean power during repeated high intensity exercise

can be attributed to an enhanced PCr resynthesis during O2Supp, °% and an increased
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ability to respire aerobically. Glaister °2, suggests that repeated sprint exercise performance
is determined by high energy yields from PCr resynthesis during exercise, but during
recovery periods the processes are exclusively aerobic. The current study shows that
O.Supp is most effective at increasing peak and mean power output when used both after
a fatiguing cycle AND during (15 s) and between (45 s) bouts of exercise, thus supporting

the study hypothesis.

The effect of O>Supp during exercise has been credited, in part, to the reduction in the
accumulation of lactate in the blood ’. O-Supp during recovery has also been shown to aid
enhanced metabolic clearing 2°*. The reduced accumulation of lactate during exercise is
strongly correlated with the cost of the anaerobic contribution during exercise. The present
study measured BLa as a proxy of the anaerobic contribution of exercise. BLa was found
to be similar across conditions, even with an increased power output in the O.Supp
conditions (HH and HN). It is suggested that the metabolic cost of producing more power
was negated by the consumption of O>Supp, confirming the hypothesises of this study.
Therefore, it is to be assumed that the consumption of O.Supp during both recovery and
exercise is most effective in reducing the anaerobic cost and by products of repeated sprint
training 1. This work has shown that O.Supp benefits acute performance outcomes, but

the longer-term effects of O.Supp on the training response need to be examined.

4.6.1 Limitations

Several limitations of this study, participants underwent a 15km time trial as a pre fatiguing
exercise bout. This could have been standardised by controlling the amount of ‘work’
undertaken rather than a time or distance limit. This would have allowed each visit to be

identical in nature, rather than the small differences in work between visits. Additionally,
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no direct measure of fitness (VO, max) was conducted to characterise the study population.

Level of fitness is a potential mediator of response to O2Supp.

4.6.2 Practical Implications

This research was set up with the aim of improving sporting performance and
maximising the effectiveness of O>Supp. Coaches and athletes can apply this relatively
inexpensive training aid to provide short term increases in sprinting performance. Athletes
will be able to produce more power for the same training stimuli resulting in greater
potential for adaptation and acclimatisation.
This ergogenic aid can only be applied to training as it is banned in competition. Caution
still needs to be applied when using O>Supp as a training tool, particularly in relation to the

longer-term effects.

4.7 Conclusion

In conclusion, the present study demonstrates that the most effective time to
administer hyperoxic air is during recovery and exercise. Enhancements in performance
with no meaningful influence of BLa concentration were apparent. As a result, O>Supp
should be considered as a meaningful tool for coaches to implement in training programmes
(during intervals) enabling athletes to work harder during training without becoming more

fatigued.

4.8 What Next?
Following the findings of this experimental chapter it is proposed that future research

should look at trying to identify when during a training session is the most effective time
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to administer O.Supp. With that information coupled with the results of this study a strong

practical application for O2Supp in cycling will be evident.
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5 - Experimental Chapter:

The Effect of Manipulating the Timing of Oxygen

Supplementation on Repeat Sprint Cycling Performance

A version of this chapter has been published as a research article. Citation as seen
below.

Porter M, Reed K. The Effect of Manipulating the Time of Oxygen Supplementation on
Repeat Sprint Cycling Performance. Journal of Human Sport and Exercise, in press.

(2020)
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5.1 Abstract

5.1.1 Objectives:
The aim of this study was to determine the optimal time to administer oxygen
during a repeat sprint protocol on cycling performance, when the oxygen delivery was

changed rapidly during session.

5.1.2 Design and Method:

Ten male amateur trained cyclists took part. Testing comprised four visits to the
laboratory in a counterbalanced design. Each session entailed; 5 min cycling warm up
(~200 W), 5 min passive recovery, followed by 10 x 15 s repeated sprints interspersed with
45 s passive recovery, during which the air inspired was manipulated using a FiO, of 1.00
or 0.21 (normal air). The content inspired during the 15 s sprints and/or the 45 s recovery
periods, comprised the four visits: NH, HN, HH, NN. It was hypothesised that the HH
condition would evoke the largest performance improvements.

Outcome measures included mean power (W), BLa and performance decline. Repeated
measures ANOVA were used to examine the difference between conditions in outcome

measures.

5.1.3 Results:

There was no significant effect of oxygen supplementation on mean power (W),
BLa (mmol-L™) or performance decline (%) (p > 0.05). However, a common trend in HH
condition (continuous) was evident, with lowest levels of lactate accumulation and the
shallowest decline in performance across the 10 sprints. Performance was not enhanced

when the oxygen supplementation was discontinuous.
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5.1.4 Conclusion:

Oxygen supplementation during repeat sprint cycling has a net detrimental effect on
performance when administered in short (15-45 s) discontinuous periods throughout a
session and is not as effective at maximising performance compared with training with

oxygen throughout.
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5.2 Background

The findings of chapter 4 begin to identify the most effective administration time of
O2Supp. Chapter 4 found that O.Supp was most effective during large duration
administration. However, it has yet been established whether O,Supp is effective during
single components of a training session, such as the sprints and not the inter sprint recovery
periods. This additional knowledge will highlight the practical application of O2Supp;

therefore, the forthcoming study will look to shed light on this.

5.3 Introduction

Hyperoxia occurs when cells, tissues and organs are exposed to an excess supply of
oxygen or higher than normal partial pressure of oxygen >°. Normoxia on the other hand is
the natural body conditions that occur at sea level in absence of disease. To create hyperoxic
conditions within the body one must breathe an oxygen enriched gas mixture (O2Supp).
Previously, O>Supp was banned by the WADA due to its potential performance enhancing
effect 161, Recent evidence 14136163167 has led to the reinstatement of O2Supp within
training for a competitive sport, resulting in its increasing application in exercise training
160.
O2Supp is increasingly becoming a popular ergogenic aid within a range of sporting
populations. Research has been conducted on runners, cyclists, swimmers and hockey
players 78134168 ‘most of which use the supplement during a continuous period of 30-240
s. These durations may elicit the biggest performance improvements, but they are not so
easy to administer in a real-world setting (i.e. outside of the lab).
Companies such as Boost Oxygen© and Oxygen Plus© offer handheld oxygen canisters
that contain between 25 to 220 breaths of pure 100% oxygen. These offer enough oxygen

to complete short duration exercise or sporadic use during recovery periods between
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exercise bouts. Oxygen has been administered at many different performance time points;
before exercise, during and between exercise bouts !, yet the exact timing of supplementary
oxygen in relation to the greatest acute performance enhancement is not yet clear. However,
chapter 4 has shed some light on this, showing that O>Supp seems to be most effective
during both sprints and recovery but is yet to be confirmed.

With the correct timing, supplementary oxygen given during a repeated sprint training
session will be effective at increasing the resynthesis rate of PCr and subsequently
performance %114, It appears that the most effective time to use O2Supp during short term

high intensity exercise in order to improve performance, remains equivocal.

The aim of this research was to evaluate the effects of altering the timing of supplementary
oxygen (FiO2 1.00) (during recovery periods and/or exercise) during a single repeat sprint
cycling session. It was hypothesised that the greatest increase in mean sprint cycling power
output (W) would occur during the full O>Supp condition (HH) compared with both partial
O.Supp (HN and NH) and a control (Normoxia condition, NN). Additionally, it was
hypothesised that the HH condition would result in similar BLa concentration during each

sprint, compared with the other conditions.



Page 104 of 254

5.4 Methods

5.4.1 Study Design

Ten healthy university students were recruited to take part in the study. Participants
(1.79+£0.05m, 74.7 £ 10.5 kg, 22.8 + 4.5 years) were amateur cyclists who all had previous
experience using a cycle ergometer and repeated sprint protocols.
Participants were informed of the procedure and provided written informed consent prior
to study commencement. Ethical approval for the study was granted by the University
ethics committee in accordance with the Helsinki declaration.
This study was a single-blind, within-participant design comprising four counterbalanced
assessments of repeat sprint performance using O2Supp (FiO2 1.00) or normal air (FiO2 ~
0.21).
Laboratory tests were completed at the same time of the day (£ 2 h). Participants were
asked to maintain normal activity and sleep pattern between testing sessions. Participants

were asked to refrain from strenuous physical activity 24 h prior to participating.

5.4.2 Experimental Protocol

Participants undertook the same procedure on all 4 visits: 5 min warm up at a
workload of ~200 W, 5 min passive recovery, and 10 x 15 s cycle sprints with 45 s recovery.
Details of oxygen supplementation are detailed in chapter 3. In brief, O>Supp and normoxic
gas mixtures were administered via a rig of 4 x 200 L Hans Rudolph Douglas bags
connected to a Hans Rudolph mask and head net (Hans Rudolph, Shawnee, KS, USA). The
O.Supp (FiO2 1.00) condition used medical grade oxygen cylinder (BOC, Surrey, UK). In
each condition, participants wore the mask and breathed from the Douglas bag during the
repeated sprints and the recovery periods. Gas was administered to the participants through

the Douglas bags after saturating and warming the compressed gas.
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Gas administration was manipulated during the sprint and recovery to make up four
conditions; O2Supp in the 10 sprints and Normoxia in the 10 inter sprint recoveries (HN),
Normoxia in sprints and O2Supp in recoveries (NH), O2Supp in both sprints and recoveries

(HH), and finally Normoxia in both sprints and recoveries (NN) (Figure 5-1).

A pre-exercise 20 pl capillary sample was taken from the right ear lobe as a baseline
measure. Each sample was mixed with haemolysing solution within a 0.5 ml haemolysing
solution cup. Subsequent samples were taken during the recovery period of each sprint
repetition. All samples were analysed for BLa within ~1 h of withdrawal using a Biosen
(EKF diagnostics, Cardiff, UK).

Following the warmup each participant undertook ten repetitions of 15 s cycling sprint
followed by 45 s static recovery. Participants were instructed to stay seated to isolate leg
power.

During the sprints the Wattbike (Watt Bike Ltd, Nottingham, UK) with the magnetic setting
set to 1 and air brake set to 10. This protocol was set in accordance with pilot testing
conducted prior to this study as it was determined this resistance allowed participants to
generate their peak power whilst not exceeding their peak cadence. Performance data used
for analysis were peak sprinting power (the highest Watts achieved in each cycle) and mean

sprint power (the average Watts produced during each 15 s cycle)
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Warm Up Recovery
" Smin 5min Sprints 10 x 15 s, 45 s recovery -
Oxygen supplementation or normoxia
Full Duration ~ 25 min
Warm Up: Recovery: Session:
. Blood
- 5 min active warm up - 5 min passive recovery - 15 sprint (seated) Lactate
- 45 s recovery (passive) Measure

- ~200 W Power Output

- 10 sprints
- Maximal air brake and 1 magnetic brake

Figure 5-1. A schematic representation of the experimental methodology during experimental Chapter 2.
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5.4.3 Statistical Analysis

All statistical analysis was performed using the statistical package, SPSS statistics
version 25 for windows (SPSS Inc, Chicago, IL, USA). An a priori power analysis revealed
that ten participants would provide significant power to detect differences in mean power
by 3-4% at an a-level of 0.05 (GxPOWER 3.1 Software, Dusseldorf, Germany). Power
analysis detected using data from previously published work with large differences in
cycling power output 169,
Repeated measures analysis of variance (ANOVA) were conducted to look for differences
according to condition (O>Supp / Normoxia) for; peak power (W), mean power (W), and
BLa (mmol-L™) for each sprint.
a-level set p = 0.05 for all data analysis. Effect size for individual measures were calculated
and reported as Cohen’s d and interpreted using bounds as 0.2, 0.5, > 0.8, where they are

small, medium and large respectively *7°,
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5.5 Results

Mean Power (Table 5-1). There was a significant main effect of time on sprint
performance across the 10 Sprints F (9,27) = 35.73, p < 0.01, d = 2.61. There was no
significant main effect for sprint performance according to condition F (3,12) =0.21, p =
0.99, d = 0.35. No interaction effect was evident.

Peak Power. There was a significant main effect of time for peak sprinting power
across 10 sprints F (9,27) = 16.78, p<0.01, d = 1.77. There was no main effect of condition
in peak power F (3,12) = 0.37, p = 0.99, d = 0.46. No interaction effect was evident.
Percentage decline in performance (Figure 5-2). There was a significant main effect of
time on sprint performance across the 10 Sprints F (8,72) = 24.42, p < 0.01, d = 7.22. No
significant main effect for sprint performance according to condition was found, F (3,23)
=1.19, p=0.33,d = 0.72. No interaction effect was evident.

Lactate accumulation during sprint (Figure 5-3). There was no difference in lactate
accumulation across the four different gas mixtures, F (3,12) = 1.22, p = 0.21, d = 0.87
(Figure 5-3). However, HH (7.15 + 0.77 mmol-L™?) had a lower lactate level than HN (9.45
+0.71 mmol-L*?, d = 3.11) whilst HH was also meaningfully lower (change greater than
10%) than both NH (mean differences (MD) = -2.13 mmol-L™*) and NN conditions (MD =
-2.13 mmol-L1). (Figure 5-3).

On questioning, 70% of participants were able to correctly deduce the NN condition
once they had completed all four visits, whereas only 40% of the participants were able to
correctly deduce the HH condition. In the two other conditions were 50% and 60%

respectively, participants correctly guessed the conditions.
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Table 5-1 Mean cycling power over ten sprints in four conditions (M + SD) (n = 10).

Sprint 1 (W) Sprint 2 Sprint 3 Sprint 4 Sprint 5 Sprint 6 Sprint 7 Sprint 8 Sprint 9

(W) (W) (W) (W) (W) (W) (W) (W)

Sprint 10

(W)

HH 677.8+128.0 6154+1050 581.0+111.6 550.3+121.9 526.5+122.9 500.3+120.7 498.9+117.0 504.2+121.2 489.3+93.5
HN 7358+138.6 657.5+118.1 584.8+103.7 5352+944 5145+954 4921+102.5 462.9+116.4 467.9+129.7 463.5+109.7
NH 709.6+125.0 616.4+68.3 578.1+965 540.0+932 529.1+100.9 5025+97.9 4785+106.8 475.1+116.2 444.5+984

NN 709.9+138.3 620.5+106.8 567.6+111.9 541.2+914 517.2+89.8 504.8+82.2 4741+838 471.3+956 490.9+915

510.7+£108.1

470.6 £122.4

456.8 +121.7

502.6 +99.8

Legend: O-Supp -Normoxia; HN, Normoxia -O2Supp; NH, O2Supp — O2Supp; HH, Normoxia — Normoxia; NN, Number; No, Watts; W.
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Figure 5-2. Percentage change in sprint performance from sprint one across nine subsequent sprints in four conditions (n = 10).

Legend: O.Supp -Normoxia; HN, Normoxia -O2Supp; NH, O2Supp — O2Supp; HH, Normoxia — Normoxia; NN, Number; No,



Page 111 of 254

14
~ 12
-
-
g
£ 10
o
2
s 8
<
(B}
e
8 6
o
s
ks
T 4
o
O
RS
L 2
ki

0

R 1 2 3 4 5 6 7 8 9 10
Sprint No.

Figure 5-3. Mean lactate at rest and over ten sprints in four conditions (n = 10).
Legend: O2Supp -Normoxia; HN, Normoxia -O2Supp; NH, O2Supp — O.Supp; HH, Normoxia — Normoxia; NN, Number; No, Millimole per Litre;

mmol-L72.
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5.6 Discussion

The aim of this research was to determine the effect of O>Supp on sprint cycling
performance, with a specific focus on the timing of administration. The current study found
that administering O2Supp to a sprint cycling athlete has no statistically significant benefits
for mean and peak power output (W), but a meaningful reduction in BLa concentration
were evident in HH condition compared to the other conditions.
Primary findings revealed that mean sprint power output (15 W- 2.5%, d = 0.35) increased
non significantly in the presence of extra oxygen (FiO2 1.00). This change was replicated
by the performance decline data that showed a shallower slope across each sprint in the HH
condition.
Due to the relative early years of O>Supp research many of the assumptions are developed
to diametrically oppose the themes (reduced O availability and utilisation) within hypoxia
research (low O2Supp). O2Supp research, largely hypothesises that the opposites (to

hypoxia) occur with little evidence to suggest why.

During the conception of the study we speculated that the two conditions that have
discontinuous oxygen supplementation (NH, HN), would result in reduced performance
capacity due to the continued alterations of the gas concentrations, this is evident within
the current data. Participants performance deteriorated as their internal equilibrium is
unable to effectively utilise rapid changes in oxygen concentration.

Changes that occur with additional oxygen include decreased blood flow 24
vasoconstriction %6197 and increased arterial oxygen content "X, During repeated changes
in the oxygen consumption, and the continuous changes in the homeostatic responses, the
individual cannot react effectively fast enough, thus performance capabilities are reduced

as a result. The reasons why both the NH and HN conditions showed decreases in
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performance compared to HH and NN conditions could be attributed fluctuating nature of
the O>Supp. NH and HN has changes in gas content every 15 s and 45 s respectively. In
hypoxia research the detection of the internal change in oxygen occurs 15 s after its
administration 2, The timing of the response could be purported to be similar in O2Supp.
Resultantly the continuous manipulation in oxygen levels leave the medulla oblongata
continuously trying to respond to fluctuations in the blood oxygen levels, by decreasing
peripheral blood flow 24, and peripheral vasoconstriction %1% Supplementary oxygen is
appearing to be more effective when administered during longer periods of work/rest to
allow for changes in internal equilibrium to occur and probably why we see large

improvements in HH condition compared to the other three conditions (NH, HN, NN).

Performance changes (mean and peak power output) in the HH and NN conditions were as
expected, whereby the full oxygen condition results in greater performance (albeit non-
significant) than the Normoxia condition (NN) 40166169 performance decline followed a
similar trend across each condition until sprint 6- this is where HH condition plateaus. This
change in the slope of performance has also been suggested in previous studies °216°,
Similarly, pilot work in our lab found that supplementary oxygen has significant

performance benefits in particular following the first 5 sprints of a 10-sprint programme.

The performance enhancing effects of O.Supp have been credited, in part, to the reduction
in the accumulation of lactate in the blood 7. Despite this study only resulting in small
changes in performance during the HH condition, lactate was also lowest in this full oxygen
condition. It could be suggested that the metabolic cost of producing more power was
attenuated by the consumption of oxygen *%. Hogan et al., 13 suggest lactate accumulation

can explain the differences in performance during varied oxygen conditions. O>Supp can
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also lead to an increased ‘lactate threshold’ or an increased ability to attenuate the

accumulation of lactate, resulting in potential positive performance outcomes 2°4113,

It is evident that O,Supp is effective at improving performance during cycling, when
administered over an extended duration. The duration appears to be an important variable
in O2Supp research. O>Supp should therefore be applied to training and or recovery periods
that last over 1 min in duration, with more investigation needed to identify the exact
minimum time to elicit improvements in performance. This said the current marketed
cannisters that only last for between 20-220 breaths may not be effective for use in a single
training session, as each cannister may only last 200 s or less during periods of exercise or

recovery.

The novel findings of this study open further avenues for investigation. The effects that
occur during interrupted administration of O>Supp, may lead us to understanding why we
get performance improvements and what specific internal environments change. It would
appear reasonable for further studies to identify the specific microvascular and chemical
changes experienced by simultaneously exercising whilst manipulating the oxygen content

for very short durations as was the case in this study.

5.6.1 Limitations

We acknowledge several limitations to this study. Participants pre study fitness
level was not accounted for (VO2max) which could potentially mediate the response to
O.Supp. Additionally, the physical dead space in the breathing tubes, this meant two

breaths were needed to attain the mixture in the reservoir bags even though oxygen would
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have started to saturate (via diffusion) the space immediately. This may have stunted the

response during the mixed conditions (NH, HN).

5.6.2 Practical Implications

O2Supp has shown its ability to be applied to training programmes that can cater for
continuous supplementation of oxygen, or programmes that have extended (> 1 min)
periods of recovery. Both have sufficient administration duration to see internal changes
and resultantly performance improvements. Over the counter O>Supp cannisters should be
used with caution and forethought within an exercise programme as they may not allow

enough exposure before, they run out.

5.7 Conclusion

In conclusion, the present study demonstrates that when O2Supp is used during
longer duration (recovery and sprints) bouts it can be effective, though more conclusive
evidence is needed. O-Supp during short discontinuous periods is not effective at increasing
cycling performance, if any it has a net detrimental effect on performance.
Similar performance characteristics are evident during HH and NN, whilst there is evidence

of meaningful reductions in BLa concentration.

5.8 What Next?

The combination of the last two chapters confirm when the most effective time for
administration of O>Supp is. Additionally, chapters 4 & 5 have both shown positive
performance enhancing effects as a direct result of O.Supp, although the research has

little understanding behind the mechanisms for why these are so evident. Future research
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should look at what mechanisms cause such changes in performance. Is it a reduction of

fatigue or is it a case of enhanced oxygen delivery to the working muscles?
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6 - Experimental Chapter:

The Effects of Oxygen Supplementation on Repeated Sprint

Cycling Performance and Muscle Fatigue

A version of this chapter has been published as a research article. Citation as seen
below.

Porter MS, Fenton J, Reed KE, The Effects of Oxygen Supplementation on Repeated
Sprint Cycling Performance and Muscle Fatigue, Journal of Science and Medicine in
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6.1 Abstract

6.1.1 Objectives:

O2 Supp (> 21% oxygen) can evoke performance improvements in aerobic and
anaerobic exercise. The aims of the current study were to determine the effects of breathing
hyperoxic gas (FiO2 1.00) on repeated cycle performance, and to assess the nature and

extent of fatigue after intermittent sprinting.

6.1.2 Design and Methods:

Testing (n = 14 males) comprised two visits to the laboratory. Each session involved
10 x 15 s repeated cycle sprints breathing FiO2 1.00 (O2Supp) or FiO2 0.21 (Normoxia).
Muscle fatigue was measured pre and post sprints using maximal voluntary contraction
(MVC), voluntary activation (VA) and potentiated doublet twitch (PTF). BLa was taken
between sprints.
Paired samples t-tests were used to examine difference between conditions in power output
(peak and mean W) and BLa. Two-way ANOVA was used to examine fatigue variables

pre and post sprints according to condition.

6.1.3 Results:

Mean power output was 4% greater in O2Supp (p < 0.01), with no difference in
peak power (p > 0.05). There was a significant increase in BLa in O>Supp compared with
Normoxia (p < 0.01) in sprints 4 and 8, as well as meaningful difference in sprints 4-10.
There was no significant difference in fatigue factors (MVC, VA and PTF) (p > 0.05) in

response to the cycling, although a large drop in PTF occurred in both conditions.



Page 119 of 254

6.1.4 Conclusion:

O2Supp can elicit improvements in mean cycling power, with no significant change
in post exercise muscle fatigue. O.Supp as a training aid may provide performance
enhancing effects during repeated sprint cycling by reducing concurrent muscle fatigue,

primarily via peripheral factors.
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6.2 Background

The previous two chapters (chapters 4 & 5) highlighted the most effective time to
administer O>Supp during a repeated sprint protocol. The findings of these studies will be
applied to the methodology of this and the coming studies. Additionally, chapter 1
highlighted that the research has yet to establish any mechanisms for why specific such
large changes (4%) in cycling performance are evident. This coming study will begin to
establish the fatiguing component within O2Supp research, whilst standardising the

administration procedure to mirror the previous studies.

6.3 Introduction

O.Supp is the inhalation of air with an FiO, greater than that of sea level (~0.21).
Supplementing high intensity exercise with FiO, > 0.21 allows the maintenance of
performance when fatigue would usually become apparent, both during aerobic and sprint
exercise 114126 The mechanism behind this attenuation of performance decline are
multifactorial and include reduced production of BLa 4, enhanced clearance of BLa,
prevention of muscle oxygen desaturation °*’8 the maintenance of blood pH and enhanced
resynthesis of creatine phosphate ***. These factors are associated with peripheral fatigue,
i.e. the exercise induced decrease in muscle force production.
A reduction in neural drive from the motor cortex to muscle appears as a decrease in
voluntary muscle activation (VA) during exercise 2. This ‘central fatigue’, may also be
influenced by the FiO>. Indeed, research has shown that a reduced cerebral O delivery
resulting from hypoxia (FiO2 0.18) results in curtailment of exercise performance due to
fatigue 3. Thus, whether O.Supp can alleviate central fatigue in a sport situation is

unknown.
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Performance decline is likely a combination of both central and peripheral factors and the
relative contribution of each depends upon the nature of the task "2, Peripheral fatigue is
likely the limiting factor in short, high intensity exercise, with central fatigue playing a
greater role as the exercise bout continues. For example, a single 4 km TT lasting around
5 min was shown to be limited by peripheral fatigue, whilst a 20 km TT (lasting around 32
min) was primarily limited by central fatigue 2.

Repeated sprint efforts represent a short term high intensity exercise, which are likely to be
limited primarily by peripheral fatigue 1”3. However, the extent to which central fatigue
contributes to performance decline in repeated sprint performance is equivocal. Racinais et
al., 1" determined that the ability to repeat short duration sprints was associated with both
central and peripheral factors. The twitch interpolation technique is widely used and is
considered a reliable method to estimate the origin of neuromuscular fatigue. Peripheral
fatigue is measured by comparing the force responses to electrical stimulation pre and post
fatiguing exercise. To determine the contribution of central factors the twitch interpolation
technique is used, superimposing single or double twitches on MVC then comparing the
superimposed response to the potentiated response obtained from the relaxed muscle
Thus, the aims of the current study were to determine the effects of O.Supp on repeated
cycle performance, and to assess the nature and extent of fatigue after sprinting.

It was hypothesised that repeated sprint cycle performance would decrease to a larger
degree in the Normoxia condition compared with the O,Supp condition. Second, it was
hypothesised that both central and peripheral components of fatigue would be reduced to a

greater extent in the O>Supp condition.
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6.4 Methods

6.4.1 Study Design

Fourteen male amateur level cyclists were recruited to take part in the study.
Participants (1.81 + 0.04 m, 77.6 £ 11.0 kg, 25.9 + 7.3 years) were amateur cyclists who
had all previously used a cycle ergometer. Participants were accustomed to cycling on a
weekly basis, but none had ever competed at any cycling events. One participant had
previous experience with O2Supp.
Participants were informed of the procedure and provided informed consent. Ethical
approval for the study was granted by the University ethics committee.
This study was a within subject’s design with two visits to the laboratory in a counter
balanced order, in a single blind fashion. Participants completed a series of sprints under
two different conditions: O-Supp (FiO2 ~ 1.00) or Normoxia (FiO2 ~ 0.21). Visits were

separated by at least 48 h.

6.4.2 Experimental Protocol

Laboratory tests were completed at the same time of the day (£ 2 h). Participants
were asked to maintain normal activity and sleep patterns between testing sessions.
Participants were requested to refrain from any caffeinated products or eating 3 h prior to
participation. Participants were asked to refrain from strenuous physical activity 24 h prior
to participating.
Participants undertook the same procedure on both visits; 3 x 5 s Maximal Voluntary
Contractions (MVC) then 15 min relative intensity warm up at 52% of heart rate reserve
using the rearranged Karvonen formula >, This was followed by 10 min passive
recovery, 3 x 5 s MVCs (pre-sprint baseline) and 10 x 15 s cycle sprints with 45 s of

recovery. Finally, a further set of 3 x 5 s MVCs (post-sprint). Gas administration occurred
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at the commencement of the first sprint and continued throughout the sprints and the post
sprint MVC’s (Figure 6-1).

Hyperoxic and normoxic gas mixtures were administered via a rig of 4 x 200 L Douglas
bags connected to a mask and head net (Hans Rudolph, Shawnee, KS, USA). The O2Supp
condition used medical grade oxygen (BOC, Surrey, UK). In each condition, participants
wore the mask and breathed from the Douglas bag during the repeated sprints and the last
set of MVC’s.

Prior to starting the protocol, a pre-exercise 20 pl capillary sample was taken from the right
ear lobe. Each sample was mixed with haemolysing solution within a 0.5 ml haemolysing
solution cup. Further samples were taken during the recovery period of each sprint
repetition. All samples were analysed for BLa within 24 h of withdrawal using a Biosen
(EKF diagnostics, Cardiff, UK).

Muscle fatigue was assessed prior to and after the repeated sprints using electrical
stimulation of the right femoral nerve. The right leg was used regardless of dominance due
to measurement restraints. The variables obtained to assess muscle performance were;
maximal voluntary contraction (MVC), voluntary activation (VA) and potentiated doublet
twitch force (PTF). Muscle fatigue was measured within 1 min of exercise cessation before
the decline in force dissipates 7.

Knee extensor force (N) during voluntary and stimulated contractions was measured using
a calibrated load cell dynamometer (Kin-Com, Chattanooga Group Inc., USA), attached to
a custom-built chair. The participant’s ankle was strapped to a load cell immediately
superior to the right malleoli. Participants were instructed to maximally extend their leg
against a static load cell at 90° for 5 s. Femoral nerve stimulation was delivered during the
middle of each contraction and additionally ~5 s after contraction, to determine potentiated

quadriceps twitch force and peripheral voluntary activation. PTF was measured as the
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highest force produced during the three repetitions evoked by a paired pulse stimulus,
administered to the resting muscle via the nerve at rest, 5 s post the MVC 18, VA was
determined using the interpolated doublet twitch technique and is estimated by the changes
in the interpolated doublet twitch relative to the PTF (equation 1.). The force evoked by

the imposed electrical stimulus on top of the MVC is the interpolated doublet twitch (IT).

Equation 1. Determining voluntary activation 17°.

VA(O/)—<1 IT) 100
o7 PTF

Doublet- twitch electrical stimuli of 200 us pulse width were delivered to the right femoral
nerve via surface electrodes (Axelgaard ValuTrode) and a constant current stimulator
(DS7AH; Digitimer Ltd., Welwyn Garden City, UK). A signal converter was used to
convert the digital signals of the computer to analogue signals of the digitimer with a
sampling rate of 2000 Hz (PowerLab/4st — ML760, AD Instruments, UK). The cathode
was positioned on the femoral triangle. The anode was positioned 3 cm proximal to the
base of the patella, whilst the knee was fully flexed "°. Prior to application of the pads, the
area was shaven. The electrode placement was marked with semi-permanent ink to ensure

consistent placement between trials.

Prior to the MV Cs, participants completed resting twitch stimuli in order to determine the
maximal twitch amplitude and M-wave of the muscle at rest (the resting immediate
response to an electrical stimulation). Doublet twitch stimuli were delivered starting at 100
mA and increasing to 150 mA then increasing in stepwise increments of 25 mA, until a

plateau occurred in twitch amplitude. To ensure a full and optimal stimulus the last twitch
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was increased by a further 30%. Offline analysis was enabled with the use of LabChart 7.0

software (AD Instruments, UK).

Following the warmup and two sets of MV Cs each participant undertook 10 repetitions of
15 s cycling sprint (Watt Bike, Nottingham, UK) followed by 45 s static recovery.
Participants were instructed to stay seated to isolate leg power. The air brake was set to 10
and magnetic brake set to 1 to allow sufficient resistance to generate peak force, whilst not
exceeding peak cadence. During each sprint and recovery period the participants breathed
either normoxic or hyperoxic air via the Douglas bag system. Data used for analysis were
peak sprinting power (the highest W achieved in each cycle) and mean sprint power (the
average W produced during each 15 s cycle). An overall peak and an overall mean were

also calculated for each participant.
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Figure 6-1. A schematic representation of the experimental methodology during experimental Chapter 3.
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6.4.3 Statistical Analysis

All statistical analysis was performed using the statistical package, SPSS statistics
version 25 for windows (SPSS Inc, Chicago, IL, USA).
Paired samples t-tests (Bonferroni corrected) were conducted to examine differences
according to condition (O2Supp / Normoxia) for; peak power (W), mean power (W) across
each 15 s sprint, and BLa (mmol-L?) for each sprint. Two-way analysis of variance
(ANOVA) were conducted to test the differences between MVC, VA, PT before and after
the repeated sprints, according to condition. a-level was set at p = 0.05 for all data analysis.
Effect size for individual measures were calculated and reported as Cohen’s d and
interpreted using bounds as 0.2, 0.5, > 0.8, where they are small, medium and large

respectively 17°,
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6.5 Results

There was no difference in peak sprinting power between the O>Supp (753.3 + 87.8
W) and Normoxia (761.0 £ 97.4 W) conditions across the 10 sprint repetitions: t (9) = 1.09,
p =0.30, d = -0.08. However, average power was significantly higher (around 25 W) in the
O>Supp condition (654.6 + 86.9 W) compared with the Normoxia condition (629.2 £ 96.2
W) across the 10 sprint repetitions; t (9) = -4.65, p < 0.01, d = 0.28 (Figure 6-2).

Mean BLa was higher in the O2Supp condition (9.81 mmol-L), although only by a
small margin (0.43 mmol-L™?) t (9) = 3.36, p < 0.01, ES = -0.13. When comparing sprints
directly between conditions, it was only after sprints 4 and 8 that this difference reached
significance (Figure 6-3).

MVC : As expected there was a main effect of time on muscle force, (F (1,12) =
34.47, p <0.01, d = 4.14) with a decrease in MV C post the sprints (pre 774.4 £ 46.3 N vs
post 587.9 £ 43.7 N) Despite a somewhat larger decline in MV C in the O,Supp trial, there
was no statistical difference between conditions (p = 0.66, d = 0.25) (Table 6-1). There was
no interaction effect for condition x time (p = 0.08)

PTF: Again a main effect was found for time (F (1,12) = 53.03, p < 0.01, d = 8.66)
with a smaller potentiated doublet twitch production post sprints compared to pre-sprint
(pre 459.2 £ 22.2 N vs post 290.4 + 16.5 N), but not for condition (p = 0.86, d = -0.03).
There was no interaction effect reported for condition x time (p = 0.31) for PTF.

VA: A main effect was found for condition (F (1,12) =8.23, p = 0.01, d = 2.23) with
a higher voluntary activation in O2Supp compared with Normoxia (O2Supp 79.1 + 2.2% vs
Normoxia 74.3 + 2.1%), but no effect of time (p = 0.14). Importantly there was no

interaction effect reported for condition x time (p = 0.79) for VA.
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Table 6-1: Neuromuscular function of the knee extensors; Maximal Voluntary contraction (MVC), potentiated doublet twitch (PTF) and

voluntary activation (VA) (n = 14).

Normoxia Oxygen Supplementation
Pre-Sprint Post Sprints % Difference Pre-Sprint Post Sprints % Difference
MVC (N) 762.6 £ 169.1 611.3 + 150.6 19.8 786.1 +187.0 564.4 + 204.6 28.2
PTF (N) 452.1 + 86.0 295.4 +64.0 34.6 466.2 £ 95.5 2854 +67.4 38.8
VA (%) 75.8+10.0 72.8+9.7 3.9 81.2+10.3 77.1+9.6 5.0
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Figure 6-2. Mean sprinting power across 10 sprints (n = 14). * significant difference between conditions (O2Supp & Normoxia) (p < 0.05).
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Figure 6-3. Mean blood lactate concentration (mmol-L1) over 10 sprints (n = 14). * significant difference between condition (O2Supp and

Normoxia) (p < 0.05).
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6.6 Discussion

The aim of this study was to identify the effects of O.Supp on repeated sprint ability and
begin to examine its effects on muscle fatigue using interpolated twitch. Though peak cycling
power was not different between conditions, average power was higher in the OSupp trials,
by around 4%, indicating that a higher work output could be maintained in the presence of
extra oxygen. This higher mean power was associated with a higher BLa level. There was no
significant effect of condition on changes in muscle fatigue measures (assessed by MVC and

electrical stimulation).

The current study found that breathing hyperoxic air during 15 s repeated sprint efforts led to
a higher mean power output, (around 25 W), with no significant influence on peak power.
Hauser et al.,**® found that mean power was not different between the two conditions in their
study (FiO21.00 and FiO2 0.21). However, their methodology of 3 x 3 min sprints meant their
participants were potentially predominately using a different energy system to that used in a 15
s sprint. The lactic acid system and the aerobic system are the predominate sources of ATP
production during maximal 3 min efforts, whereas the during 15 s sprints the majority of ATP
is supplied by the ATP-PC system. Second, Hauser’s participants experienced O2Supp between
efforts only. Timing of O.Supp is potentially key. For example, Sperlich et al., 2 also report no
difference in mean or peak power across 2 sets of 5 x 30 s cycle sprints. Although nature of the
exercise was more similar to the current study, in contrast, their participants only had

supplementary oxygen in the 6 min recovery period between sets of cycle sprints.

O.Supp has been shown to attenuate the onset of fatigue at a peripheral level whilst also
maintaining cerebral oxygenation *#’. In the current study, MVC, a global measure of fatigue,

dropped by around 20% in the Normoxia condition, and by around 28% in the O>Supp
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condition. This shows that there was greater (albeit non-significant) muscle fatigue as a result

of the higher mean power output in the O.Supp condition. The change in PTF and %VA were

broadly similar across conditions. The drop in voluntary activation (%) was small and less than

1.5% different between conditions. The drop in PTF however was large, although again similar

between conditions (34 and 38%, Table 6-1). These results support the findings of Thomas et
172

al., *’2, who report performance in shorter efforts is predominately curtailed by peripheral

measures.

The ability to maintain power throughout repeated efforts has been attributed to several factors
including the ability to maintain BLa, regulate pH, to maintain neural input'®° and importantly,
to replenish PCr stores. According to Linossier et al., 1** sprint capacity is not reduced to the
same extent in O>Supp due to the increased rate of cellular metabolic resynthesis of PCr, and
ATP. PCr resynthesis during 45 s of recovery only replenishes ~75% of the stores °2. Therefore,
after sprint 5 in a series such as this one would expect to see a significant performance
reduction. A continued depletion of ATP-PC stores and an inadequate resynthesis leads to a
reduction in performance until additional energy systems aid in the resynthesis process (lactic
acid system). An increase in peak and mean power has been attributed to an enhanced PCr
resynthesis during repeated high intensity exercise by both Mendez- Villanueva et al.,*® , and
Glaister,%?. Mendez- Villanueva *® analysed PCr recovery rate during 10 x 6 s sprints with 30 s
recovery and found that subsequent sprinting performance (peak power) during a final single

sprint was increased corresponding with an 8% higher PCr resynthesis.

Increasing the percentage of inspired oxygen to 100% increases the rate of PCr replenishment
from a half-life of 25 s to 20 s 163181, Haseler et al., *6% used a plantar flexion exercise protocol

with increasing workload till exhaustion. They found that an increased rate of PCr resynthesis
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aided subsequent performance, and that O>Supp maintained mean plantar flexion power further
into the ramp test protocol (1 W increase every 2 min by pulley system). This is replicated in
in the findings of the current study as it is shown that mean sprinting power during O2Supp is
similar to that during Normoxia until sprint 4 and beyond where the difference becomes
statistically significant. Additionally, sprint 6 is where peak power in the normoxic group
appears to decline at a greater rate than the hypoxia condition. Sprint 6 in a typical series is

where it has been documented the reliance on aerobic metabolism increases 2.

Interestingly, the increase in sprint performance as a result of O>Supp is similar to that seen
with creatine supplementation, likely through the same mechanisms of PCr resynthesis *2.
Additional to this enhanced rate of resynthesis, O2Supp has been shown to attenuate the build-
up of metabolic by products of lactate, and inorganic phosphate (Pi) '®’. Pi in particular is
detrimental to performance via inhibition of muscle afferents. Type 11l and IV muscle afferents
relay exercise induced metabolic changes in the muscles to the central nervous system. The
accumulation of metabolic by-products reduces the effectiveness of these afferents,
subsequently leading to peripheral fatigue. However, both afferents are positively influenced
by O2Supp, by allowing the electrical feedback to be transmitted efficiently for longer %7, so

attenuating fatigue.

O2Supp elicits reductions in BLa at many workloads 4?2 and although O2Supp given during
recovery periods attenuates lactate accumulation, the effects are more variable °*. Maeda et al.,
% gave varying percentages of O2Supp (FiO20.30 to 1.00) in the recovery between sprints, and
found that whilst overall increasing the FiO: resulted in reduced BlLa after standardised
exercise, the response was dependent on the subjects’ fitness. In the current study, higher power

outputs seen in the O>Supp condition were associated with slightly increased lactate levels.



Page 135 of 254

Knight et al., 18 suggest that the increase in oxygen kinetics during O2Supp is enough to
attenuate the accumulation of lactate due to the increased diffusion of oxygen into the
mitochondria. However, they add that that this attenuation can only last so long, and after a
critical point lactate levels will increase exponentially. This could explain the increases in

lactate that have been seen in the current study.

Therefore, it is suggested that O>Supp results in a combination of increased PCr resynthesis
and a slightly attenuated build-up of BLa, leading to a ‘maintained’ performance compared to
the Normoxia condition seen in the current study. Acute exposure to additional oxygen appears
to enhance repeated sprint performance, however, determining whether chronic physiological

adaptation is blunted is crucial before its widespread use as a training tool can be advised.

6.6.1 Limitations

Several limitations of this study, participants were required to avoid strenuous exercise
24 h prior to testing but it is noted that the effects of training may be evident for 48/72 h. To
minimise the effects of this, participants were requested to mimic the training three days prior
to testing before both visits. Further, no direct measure of fitness (VO, max) was conducted to
characterise the study population. Level of fitness is a potential mediator of response to
O.Supp. Additionally, hydration status was not measured prior to testing, but participants were

instructed to attend testing in a hydrated state.

6.6.2 Practical Implications
- Supplementary oxygen given during a single sprint-based cycling session can assist in
reducing the extent that performance decreases.

- Peak power output cannot be increased with supplementary oxygen
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- Long term effects of the use of oxygen during training are not known and therefore its

use as a chronic training tool is not yet advised

6.7 Conclusion

Whilst supplementary oxygen does not increase peak power during repeated sprints,
participants were able to maintain a higher mean power output (across the 10 sprints). Indices
of fatigue (MVC, PFT and VA) changed to a similar extent across conditions in response to
the cycling, but the largest drop was in PFT, suggesting fatigue to be predominately peripheral

in nature.

6.8 What Next?

Combining the findings of chapter 4, 5 and 6 it is evident that O.Supp is an ergogenic aid for
repeat sprint cycling. It is also evident that other mechanisms are at play, other than peripheral
muscle fatigue. Future research should begin to follow the pathway of oxygen after respiration
to assess whether performance during O>Supp is limited by delivery or utilisation oxygen to

the working muscles.
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[ - Experimental Chapter:

The Use of Acute Oxygen Supplementation Upon Muscle Tissue

Saturation During Repeat Sprint Cycling

A version of this chapter has been published as a research article. Citation as seen
below.
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7.1 Abstract

7.1.1 Objective:

O.Supp (>0.21 oxygen) as an ergogenic aid is increasingly being investigated and
utilised by athletic populations. This study examined performance and physiological responses
(power output, tissue saturation index) to repeat sprint cycling with oxygen supplementation

(fraction of inspired oxygen [FiO2]1.00).

7.1.2 Design and Methods:

Fourteen male amateur level cyclists took part. Testing comprised two visits to the
laboratory. Sessions entailed; 15 min relative intensity warm-up, 10 min of passive recovery,
followed by 10 x 15 s repeated sprints, during which air inspired had FiO, 1.00 oxygen or
normal air.

Outcome measures include, mean power (W) and change in Tissue Saturation Index (ATSI1%).
Repeated measures ANOVA were used to examine difference between conditions in mean
power output. Paired samples t-tests were used to examine differences between conditions in
ATSI (%) and rate of muscle reoxygenation and deoxygenation (%-s™?). The o level was set

0.05 a priori.

7.1.3 Results:

Mean power output was 4 + 2.6% higher in the oxygen condition compared to
Normoxia (p < 0.01). There was a significant positive correlation between power output and
reoxygenation rate during O2Supp (r = 0.65, p = 0.04). No correlation was seen between power
output and reoxygenation rate during Normoxia (r = -0.30, p = 0.40). A significantly increased

deoxy rate was seen in the O>Supp condition compared to Normoxia (p = 0.05).
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7.1.4 Conclusion:

O2Supp (FiO2 1.00) appears to elicit the greatest performance improvements in mean
power, potentially facilitated by an increasing muscle reoxygenation rate. This evidences the
utility of oxygen as an ergogenic aid to in cycling performance. This may have implications

for the chronic application of oxygen as a training tool.
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7.2 Background

The previous studies have highlighted the effectiveness of O.Supp as a performance aid
during repeated sprints, whilst standardising the overlapping methodologies. This study was
established to further the previous research conducted within this thesis. The first two
experimental chapters (4 & 5), established when O>Supp is most effective during a repeat sprint
protocol, and chapter 6 began to narrow down the specific mechanism behind why these
findings are evident. Chapter 6 found that peripheral fatigue does not limit performance
capacity during O2Supp, therefore the forthcoming study was designed to assess peripheral
muscle oxygen profile to try to establish a specific mechanism for such performance changes

with O2Supp.

7.3 Introduction

Hyperoxia occurs when cells, tissues and organs are exposed to a level of oxygen higher
than that of sea level *°. To create hyperoxic conditions one must breathe medical grade oxygen
or an oxygen enriched gas mixture (O2Supp). The creation of a hyperoxic condition can be

viewed as an ergogenic aid, which is being explored within various sporting populations.

O.Supp primarily functions on the premise of increasing the supply of muscle oxygen at
exercise onset '°. O.Supp has been shown to aid repeated sprint performance through an
increased resynthesis rate of cellular metabolic PCr *°%3, Moreover, O,Supp (FiO2 0.7) has
been shown to spare PCr degradation (by up to 55 s) over fixed workloads, compared with
Normoxia . It could be expected that O2Supp during repeat sprint training would be effective
at increasing the resynthesis rate of PCr and muscle oxygenation. Multiple sporting events rely

on the ability to replenish and recover intramuscular stores (myoglobin oxygen saturation
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[MbO2], PCr, ATP) between high intensity efforts to enable continued high intensity

performance 5%,

High Intensity Interval Training (HIIT) simulates the energy demands of intermittent-sprint
sports, with high intensity bouts followed by brief periods of recovery 2. HIIT is categorised
by peak ability during the first interval followed by decreasing performance in the subsequent
repetitions 164183, Short duration sprints (< 15 s) interspersed with brief recoveries (< 60 s)
result in near complete depletion of PCr during work periods, and incomplete resynthesis of
PCr during the rest periods. This resynthesis is an oxidative process that requires free oxygen
for rapid resynthesis. Performance during acute HIIT is reliant on reducing lactate

accumulation and maintaining muscle oxygen status to resynthesise PCr rapidly 8.

HIIT based research has utilised NIRS extensively 41818 NIRS provides a non-invasive
assessment of muscle oxygenation (tissue saturation) and haemodynamic status (peripheral
blood flow) 8718 Distinct changes in tissue saturation have been observed by NIRS during
HITT, characterised by large desaturation and restauration profiles. Similarly, the recovery
time course of muscle oxygenation has been suggested to be correlated to PCr, at least
following sub-maximal exercise, and resultantly NIRS is considered a proxy of PCr resynthesis
72189 - Attenuating a decline in S.02 with concurrent O,Supp can increase full body
oxygenation, by as much as 7% 13, Recent evidence suggests that increasing the recovery rate
of muscle oxygen can be correlated with improved performance in repeat sprint efforts 171%,
These findings highlight the apparent importance of ‘enhanced’” muscle oxygenation profiles

on subsequent performance.
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Invasive measures of muscle oxygenation (muscle biopsies) have been previously used in
O2Supp research, however, this methodology has very little ecological application . It is
suggested the NIRS technique should be used within O>Supp research to better characterise the
peripheral muscle response to this ergogenic aid and more fully inform exercise practitioners

in ‘real world’ settings.

A primary aim of training modalities such as, HITT and/or repeat sprint cycle training are to
enhance the delivery and utilisation of oxygen 1°. O.Supp has been shown to aid performance
189 within these exercise disciplines, intuitively NIRS could provide useful novel mechanistic

insight for the response to O2Supp.

The aim of this study was to assess the peripheral muscle oxygen response to this ergogenic
aid using the NIRS technique. We hypothesised that both muscle oxygenation and performance

(power output) would differ during oxygen supplementation compared with normal air.
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7.4 Methods

7.4.1 Study Design

Participants were required to undergo two testing session in the lab over a week period.
Sessions were completed with at least 48 h between sessions. Laboratory visits were conducted
at the same time of the day (+ 2 h) to minimise circadian effects 1%2. Participants were asked to
maintain normal activity and sleep pattern prior to and between testing sessions. Participants
were requested to arrive at the laboratory adequately hydrated and to abstain from caffeinated
products in the preceding 4 h of each visit. Additionally, participants were asked to refrain from

strenuous physical activity 24 h prior to participating.

This study was a single-blind, within-participant design comprising two counterbalanced
assessments of repeat sprint performance under: O2Supp (FiO2 1.00) or normal air (FiO2 ~
0.21). Each of the two sessions participants completed a 15 min cycling warm up, 10 min
passive recovery, finishing with 10 x 15 s sprints with 45 s of passive recovery on a Wattbike
cycle ergometer. All participants had previous experience with repeat sprint lab testing
protocols. One participant had been included in previous oxygen supplementation research
within the last 12 months. Performance measures such as: mean and peak power output were
taken, along with NIRS measures of muscle oxygenation (resaturation and desaturation rates),

as well as blood lactate concentrations.

Fourteen male amateur level cyclists for the study (1.81 + 0.04 m, 77.7 £ 11.0 kg, 25.9 + 7.4
years, thigh skinfold 10.5 £ 4.1 mm). Participants were healthy and were not taking any

prescribed medications.
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Ethical approval for the studies procedure was granted by the University ethics committee in
accordance with the Declaration of Helsinki. Participants were informed of the procedure and

asked to give written informed consent and complete a health questionnaire (PAR-Q).

7.4.2 Experimental Protocol

Participants completed the same procedure on both visits comprising; 15 min warm up
52% of heart rate reserve 1", 10 min passive recovery, finishing with 10 x 15 s sprints with 45
s of passive recovery, undertaken using a Wattbike Pro (Wattbike Ltd., Nottingham, UK) with
the magnetic setting set to zero and air brake set to ten. The protocol was in accordance with
pilot testing conducted prior to this study i.e. participants had sufficient load in order to reach

peak power and not exceed max cadence (Figure 7-1).

Wattbike Pro was used to collect performance data (mean power), which was then used to
calculate fatigue index (FI%) ((Best sprint — worst sprint)/best sprint) *100. No prior
familiarisation was conducted in the current study as it was established that each participant

was familiar with repeat sprint cycling on a cycle ergometer.

Hyperoxic and normoxic gas mixtures were administered throughout the repeated sprints. Gas
mixtures were administered via a rig of 4 x 200 L Hans Rudolph Douglas bags connected to a
Hans Rudolph mask and head net (Hans Rudolph, Shawnee, KS, USA) were used. O>Supp was
provided using Douglas bags filled from a medical grade oxygen cylinder (British Oxygen
Company, Surrey, UK) prior to administration, as previously described. Hyperoxic air at FiO>

of 1.00 was saturated and warmed to room temperature before administration.
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Preceding to each trial, a pre-exercise 20 pl capillary blood lactate sample was taken from the
right ear lobule. Sample was mixed with haemolysing solution within a 0.5 ml haemolysing
solution cup. Subsequent blood lactate samples were taken two minutes apart after the period
between the warmup, and during the recovery period of each sprint repetition. All samples were

analysed within using a Biosen (EKF diagnostics, Cardiff, UK).

Participants were required to wear a portable NIRS device to monitor oxygen saturation of the
vastus lateralis muscle tissue (PortaMon, Artinis Medical Systems B.V., Elst, Netherlands).
The NIRS device was fixed to the belly of the right vastus lateralis. Any bodily hair was
removed within the device placement area and cleaned with an alcohol wipe to remove residue.
The device was placed 3 cm anterior to the midpoint between the top of the greater trochanter
and the lateral epicondyle. The device was taped with an adhesive wrapping and secondly
wrapped with a black-out sports strapping to eliminate the entrance of ambient light. The same
researcher attached the device on every occasion, ensuring an external pressure of less than 20
mmHg on the device. Indelible ink was used to draw around the device to guarantee accurate
NIRS placement during the subsequent visits. Throughout the protocol the NIRS devices were
connected to a personal computer via the Bluetooth™ system for data acquisition (10 Hz), and

conversion from analogue to digital data.

The tissue haemoglobin saturation index (TSI), expressed in % and calculated as
([O2Hb]/([O2Hb + HHDb])) x 100 (which demonstrates the Oz supply and Oz consumption) 1%
was utilised. TSI was calculated using the SRS methodology and was used to assess muscle
reoxygenation rate. Reoxygenation rate (reoxy rate) (%-s™) was calculated as the change in
TSI (%) from the end of the sprint by fitting a linear model to the 45 s part of the TSI (%)

recovery. The slope of the relationship was retained as an index of reoxygenation rate.
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Similarly, deoxygenation rate (deoxy rate %-s™) was calculated as the change in TSI (%) from
the beginning to end of the sprint by fitting a linear model to the 15 s part of the TSI (%)
decline. Change (A) values were obtained during sprint and recovery periods. These were taken
as; the difference between the baseline value (start sprint) and the one second average of the
maximum value achieved during the sprint period and; the baseline value (end sprint) and the
one second average of the maximum value achieved during the recovery period. NIRS data
was processed using the methodology suggested by Rodriguez '*3. A one second moving
average was applied to the data to attenuate the “noise” in the signal, whilst maintaining the

integrity of the original data.
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Pre-Exercise Post Exercise
Warm Up Recovery Measure Measure
15 min relative 10 min passive 1 min Pre exercise Sprints 10 x 15 s, 45 s recovery 3 min Post Exercise
intensity Warm up recovery measure Measure
Oxygen supplementation or normoxia
Full Duration — 70 minutes
Warm up: Session:
- Sub maximal exercise - 15 sprint (seated) Blood
- 15 min - 45 srecovery (passive) lactate
- Level 4 Wattbike (~200W) - 10 sprints measure
- Maximal air brake and 1 magnetic brake.

Figure 7-1. A schematic representation of the experimental methodology during experimental Chapter 4.
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7.4.3 Statistical Analysis

An a priori power analysis revealed that 10 participants would provide significant
power to detect differences at an a-level of 0.05 for the primary outcome measure (mean power
output) (GxPOWER 3.1 Software, Disseldorf, Germany). Statistical analysis was performed
using the statistical package, SPSS statistics version 25 for windows (SPSS, Inc, Chicago, IL,

USA).

A two-way repeated measure ANOVA (condition X time) was used to analyse differences in
the 10 x 15 s sprints across the different protocols, followed by Turkey’s post hoc tests where
appropriate. Paired samples t-tests were conducted to examine the differences between the
conditions for; change in tissue oxygenation (ATSI %), deoxy rate (%-s) and reoxy rate (%-s"
1). Pearson’s correlations were conducted to test the relationship between tissue oxygenation
and power output between the conditions. Shapiro- Wilk normal distribution tests were
conducted on all data. Data was screened for outliers outside of two standard deviations from
the mean, no data were excluded. Effect size for individual measures were calculated and
reported as Cohen’s d and interpreted using bounds as 0.2, 0.5, > 0.8, where they are small,

medium and large respectively. a-level set at p = 0.05 for all analyses.
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7.5 Results

Figure 7-2. shows mean sprint power output (W) per sprint interval. ANOVA found
a significant interaction effect F (9,13) = 2.66, p = 0.045, d = 0.98) and post hoc analysis
shows a higher mean sprinting power for sprints 4-6. There was a significant increase (~4
+ 2.6%) in power output (W) in the O.Supp group mean compared to the norm group (d =
-0.28, 95% C1 =0.87 to 2.52; p < 0.01). Figure 7-2 shows a non-significant; t (13) = 1.735,
p = 0.11, d = 0.23 reduction in Fatigue index (FI) following 10 cycling sprints under the

two conditions. A 3% reduction in FI (%) is seen in the O2Supp condition.
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Figure 7-2. Mean sprinting power across 10 sprints * significant difference between

condition (O2Supp and Normoxia) (p < 0.05).
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Figure 7-3. Fatigue index score under two conditions (n = 14).

Figure 7-4. displays the group average Normoxia vs. O2Supp ATSI (%) data trace during
(10 x 15 s with 45 s recovery) repeat cycling efforts. During the repeat efforts there was a
rapid drop in TSI at the onset of each sprint with a nadir achieved approximately 10 s into
each sprint. During each 45 s recovery period there was a trend of a rapid recovery of group
TSI (first 20 s - Phase 1), followed by a slowing in the recovery rate (final 25 s — Phase 2).
The rate and extent of TSI recovery in the O>Supp condition is facilitating a quicker oxygen
resaturation to baseline; this hyperoxic effect is clear for recovery periods 1-3. This
response is attenuated as the sprints progress (sprints 4-10). After sprint 6 TSI fails to return

to baseline as the sprints are completed.
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Figure 7-4. Tissue Saturation Index (TSI %) characteristic representation data for the group, during the repeat sprint cycling protocol.
Normoxia and O2Supp traces are overlaid.

Legend. APeak — Change in peak resaturation, P1- Phase One, S1- Sprint One, R1- Recovery.
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Mean blood lactate was higher in the O, Supp condition (9.81 mmol-L™?), albeit by a small
margin (0.43 mmol-L?), t (9) = 3.36, p < 0.01, d = 0.13. When comparing sprints directly
between conditions, it was only after sprints 4 and 8 that this difference reached

significance.

No significant difference was seen in the mean recovery amplitude (i.e. A) ATSI (%) in the
O2Supp group vs. Normoxia group (d = -0.33, 95% CI = -1.71 to 0.51; p = 0.25). A mean
difference in individual sprints ATSI (%); 2.4%, 2.2% and 3.0% can be seen in Figure 7-4,
for Sprints 4-6 O>Supp vs. Normoxia group. No significant difference was seen within the
group mean reoxy rate (%-s*) between the two conditions (d = 0.33, 95% CI = 0.01 to
0.04; p = 0.26). A significantly increased deoxy rate (%-s™) was seen in the O2Supp

condition compared to Normoxia (d = -0.61, 95% CI = -0.13 to -0.00; p = 0.05).

Figure 7-5. displays a positive correlation between reoxy rate (%-s™) and mean sprinting
power during O2Supp (r = 0.65, p = 0.04). No significant correlation was found between

ATSI (%) and mean sprinting during Normoxia (r = -0.30, p = 0.40).
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7.6 Discussion

The aim of this study was to assess the peripheral muscle oxygen response to this
ergogenic aid using the NIRS technique. It was hypothesised that muscle oxygenation and
performance would differ during oxygen supplementation compared to normal air. This is
the first paper of its kind to assess changes in the rate of muscle oxygen resaturation, and
desaturation during O>Supp in repeat sprint cycling, using non-invasive ‘real world’

measures.

Primary findings revealed changes in muscle oxygen recovery (%-s) rates in the presence
of extra oxygen (FiO2 1.00). This recovery rate was strongly correlated with preceding
power output (W) (r =0.65, p = 0.04) (Figure 7-2 and Figure 7-4). There was no correlation
between recovery rate and power output during Normoxia (r =-0.30, p = 0.40) (Figure 7-5).
Lactate levels were higher in the O>Supp condition compared to Normoxia (p < 0.01).
Additionally, there was an increased deoxy rate in O>Supp compared to Normoxia across

the 10 sprints (p = 0.05).

The rate of recovery of muscle oxygen is one of most important aspect of fitness to a sprint
trained athlete 2. The ability to flush out fatigue related metabolic by-products and the
replenishment of fuel for successive sprints has obvious importance for performance. HIIT
is highly reliant on the utilisation of PCr during exercise and exclusively upon aerobic
processes (resynthesis) during periods of recovery 84, O,Supp has been shown to be
beneficial for sprint performance due to the increased resynthesis rate of cellular metabolic
PCr 14183 The significant increase in power output (3.95%), non-significant increase in
the extent of ATSI (%) recovery and reoxygenation rate (%-s™) seen here are potentially

indicative of an enhanced PCr resynthesis profile "2. Though PCr resynthesis was not
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measured directly, muscle (re)oxygenation has been suggested by others to be
representative of this 2189190, Additionally, the changes seen in performance variables (W)
between O>Supp and normal air, replicated previous research showing increases in mean
power output (~4 £ 2.6% [30 W]) during O.Supp (Figure 7-4).

Blood lactate data from this study have been previously published . In brief, muscle
oxygenation data is supported by the significantly reduced lactate response despite a higher
power output. The ability to attenuate an anaerobic metabolic environment during repeat
sprint work should allow for enhanced PCr resynthesis. Lactate and muscle oxygenation
data highlight that despite higher intensity exercise (increased power output), there is a
higher availability of oxygen. This suggests that in the initial sprints, oxygen availability is

the primary mechanism for enhanced performance (Figure 7-2).

Studies by Jones et al., 1*"7 demonstrated a positive relationship between enhanced muscle
oxygenation during recovery and increased subsequent performance following a training
programme. Their study shows that a 3 s faster desaturation time contributes to increase in
mean cycling performance by as much as 10%. This alteration in desaturation profile is
suggested to occur as a result of positive peripheral muscle morphological adaptations such
as increased mitochondrial density and efficiency, resulting in enhanced oxygen extraction
186,194 The findings of the current study reflects potential adaptations due to similar
desaturation profile, as seen in Jones et al., 7. These findings also mirror those of
Buchheit et al.,®® who also found that an increased rate of muscle deoxygenation (6%)
during SIT elicits metabolic adaptations, such as increased citrate synthase activity,
resulting in increased power output. The current study shows a significant increase in deoxy
rate and non-significant increase in reoxy rate, similar to the previous studies **""168, Figure

7-5 highlights that both power and reoxy rate increases with O.Supp although not
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significantly different from control, they are significantly positively correlated- as power
increases with O.Supp so does reoxy rate. The increase rate of reoxygenation may likely
cause the subsequent increase in performance as additional oxygen is available to the
working muscle. This correlation is not evident during the Normoxia condition where reoxy
rate has a weak negative correlation with power output. The simplest explanation for this
is, due to an increased availability of oxygen as a result of the administered O>Supp and

not as a result of morphological adaptation to training.

Higher re-saturation rates occur from the first sprint, but it is not until sprint 4 onwards that
performance increases are seen in the O>Supp condition (Figure 7-4). The high availability
of oxygen allows for rapid resaturation of myoglobin and haemoglobin, meaning
subsequent sprints can start from a metabolically advantageous point. Inevitably there
comes a point where, despite extra oxygen, recovery is not rapid enough to maintain

performance.

Interestingly, the novel findings of this study open further avenues for exploration. Firstly,
due to the acute nature (short term effects - minutes) of the current study, the changes in
muscle oxygen and power output have only been evidenced acutely. Few long-term or
short-term training studies using O2Supp have examined the effects of ‘chronic
supplementation’ on muscle oxygen response or peripheral muscle composition (increased
mitochondrial density, increased baseline utilisation capacity of oxygen). Previous training
studies "% have demonstrated changes in tissue saturation profile and musculoskeletal
adaptation i.e. increased mitochondrial biogenesis/ proliferation, increased enzyme activity
(citrate synthases) following SIT protocols. It would appear intuitive for further studies to

initially identify the effects of acute O>Supp administration on performance using NIRS
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(as shown here). An understanding of the effects of O.Supp, whether this is duration and/

or dosage dependant, will be key to optimal administration.

Despite equivalent findings between repeat sprints, time trials (TT) and time trials to
exhaustion (TTE) using O2Supp, there is a lack of comparable studies with short duration
recoveries following high intensity repeat sprints, even though this training approach is
commonly used in sprint training programmes **°2, Using TT or TTE as a training approach
for intermittent sports is not popular despite the performance benefits for TT and TTE
116,195 As such the current study should pave the way for further studies exploring

optimised training for high intensity repeat sprint training.

7.6.1 Limitations

Due to a technical issue, S:O2 was not ascertained during data collection. Having
data on the individual response of Sa02 during O2Supp, would have allowed the authors to
determine whether changes in the muscle oxygenation were related to delivery or
utilisation. Furthermore, ventilatory parameters would have better informed the results of
this study. Unfortunately, collecting ventilatory gases whilst administering a manipulated

gas content, posed logistical constraints that could not be overcome.

7.6.2 Practical Implications

Many cyclists incorporate some form of HIIT in their training, with the aim of
improving cycling performance. The results of the current study show that in University
level cyclists (amateur) when compared with a sea level condition, O>Supp elicits
immediate acute enhancements to performance measures via an improved muscle

oxygenation status. This allows athletes to experience an immediate enhancement in their
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training, allowing them to work harder in a single training session, with the aim of inducing
greater resultant adaptation. NIRS is a functional tool in which skeletal muscle oxygenation
data can be seen in ‘real time’, complimenting external power data , allowing coaches to

make better informed decisions 1°1,

7.7 Conclusion

Supplementary oxygen elicits meaningful performance improvements whilst
increasing muscle reoxygenation rate during repeat cycling sprints as shown in Figure 7-5.
This increase in reoxygenation rate may likely cause the subsequent increase in
performance. This study looks at the mechanistic approach to O>Supp and demonstrates
the potential utility of O>Supp as an ergogenic aid within cycle and repeat sprint exercise.
This novel study is the first to demonstrate changes in muscle oxygenation during O>Supp

using non-invasive ‘real world’ measures.

7.8 What Next?

This chapter further develops the narrative within this thesis. The first two chapters (4 &
5) assessed the timing of administration and enabled a standardised protocol for the
following chapters. The previous chapter (6) explored a potential mechanism to justify the
performance enhancements being shown. With this chapters results the narrative is now
that O>Supp is a performance enhancing aid that increases delivery of oxygen to the
working muscles, which maintains peripheral levels of fatigue during the exercise task.
Further research should assess whether O,Supp is effective at eliciting chronic performance

improvements following a period of multi acute sessions with O2Supp.
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8 - Experimental Chapter:

The Feasibility of Using Near Infrared Spectroscopy to Assess Muscle

Oxidative Capacity Following Training with Oxygen Supplementation
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8.1 Abstract

8.1.1 Obijectives

The primary aim of this study was to assess the feasibility of using NIRS utilising
arterial occlusions to measure muscle oxidative changes during a multi week training
intervention with O,Supp. Secondary aims were to assess recruitment and adherence to
training and the ability to collect training data from both supervised and unsupervised

training sessions of participants.

8.1.2 Design and Methods

13 amateur level cyclists, stature 1.77 + 0.06 m, mass 77.4 + 9.6 kg, age 38 + 8.3
years, performed 3-week training block consisting of two supervised HIIT sessions a week
and an additional unsupervised session 2-4 times a week. Participants were randomly
allocated to either O>Supp (FiO2 1.00, n = 5) or Normoxia (FiO2 0.21, n = 4) during the
supervised training. An additional control group (n = 4) undertook only unsupervised
training. Vastus lateralis muscle oxygenation and muscle oxidative capacity together with
peak cycling power (W) and maximal VO2 (ml-kg-min™) were tested pre and post training

intervention.

8.1.3 Results

Analysis shows that it is feasible to recruit, with large retention rates (77%), as well
as being well received by participants. Adherence to both training sessions (supervised and
unsupervised) was 100%, with some loss of data during unsupervised training. No
participants reported any side effects of oxygen supplementation. The NIRS measurement
used (along with arterial occlusions) were effective at detecting positive changes within

muscle oxidative capacity. Additionally, O>Supp led to small non-significant changes in
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pre and post measure of mean power output (18.41 + 30.43 W), peak power output and

VO;max.

8.1.4 Conclusion

This study demonstrates that a five-week, O.Supp repeat cycling exercise study
with measures of NIRS is feasible. A measure of muscle oxidative capacity using NIRS
has enough sensitivity to detect changes following O.Supp training. The results highlight
that O.Supp elicits increases in muscle oxidative capacity and increases mean power
output. Further, the training methodology and data collection techniques were effective as
evidenced by the adherence rates. However, future studies will need to over-recruit to meet
power requirements and account for the loss of data experienced during unsupervised
training session. This study better informs the sports researcher to carry out robust, strongly

evidenced O,Supp training intervention-based research.

Keywords: Hyperoxia, Fraction of inspired oxygen, Cycling, Feasibility, NIRS.
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8.2 Background

The previous four experimental chapters have all progressed a narrative with O>Supp
that leads into this chapter. Chapter 4 and 5 assessed the most effective component of
training session for O>Supp, chapter 6 assessed the fatiguing component of O>Supp, and
chapter 7 assessed a positive trend in muscle oxygen kinetics with O>Supp. Each built a
narrative to enable this forthcoming chapter to put each of the chapters components
together to assess whether O>Supp is feasible in a laboratory training study with novel

measures of muscle oxygen.

8.3 Introduction

Intervention based training studies are an effective way to establish if a ‘supplement’
can enhance performance. However, training studies are notorious for being underpowered,
lacking control groups, having small effect sizes, and using overly homogeneous
participants (often male, university age students). Feasibility studies in principal, look at
identifying the limitations that are associated with such intervention-based training
programmes %197 This chapter will aim to strengthen the rigor of intervention-based
training studies in O2Supp. It will do this by employing a three-group intervention with
control, whilst also using a larger participant pool (other than just university students) and
addressing issues with power and sample size. Although not all limitations of a training
study will be addressed (male, small effect size, small sample size) in this feasibility study,

although it will build on the research ready for future larger studies.

Most intervention-based training studies centre around establishing the performance
outcomes following an aid, whereas few explore the sensitivity of measures used assess the

mechanism that the training influences. This is a particular limitation within the O2Supp
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research, where the majority of research has focused upon performance changes 8125139,

Importantly, mechanistic understanding of performance changes can lead to more highly

focused training i.e. minimal training need and greater performance enhancement.

The range of methodologies used to investigate the effects of oxygen supplementation on
sporting performance has increased in recent years 1. These methodologies which vary from
twitch interpolation to assess muscle fatigue, to muscle biopsies to assess mitochondrial
respiration, can provide further understanding on different mechanisms 4% The
determination of mitochondrial efficiency could be essential to understanding what occurs
during O2Supp, and the application of NIRS as a non-invasive measure may allow further

understanding of this mechanism.

The non-invasive, real-time application of NIRS makes it desirable to coaches and athletes
alike, who have identified the need for wearable technologies to provide useful biofeedback
198 NIRS has recently been used to assess both delivery and consumption of oxygen to the
working muscles. Further unpublished research from this institution has shown the
effectiveness of NIRS as a measurement tool during O.Supp and its sensitivity to detect
acute changes. NIRS has also been shown to be effective at examining muscle oxygen
consumption (mVO2) when combined with arterial occlusions to assess oxygen
consumption rate »">. mvVO, has been commonly used as a proxy/non-invasive measure
of muscle oxygenation (mitochondrial respiration), whereas direct measure (muscle

biopsy) can look at mitochondrial respiration, density, and concentration.

The combination of arterial occlusions and NIRS, are used to detect changes in mVO; but

are not without their own limitations (issues include movement artefact & detection of
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blood flow). Unlike muscle bioposy, NIRS assesses mVO2 using arterial occlusion imposes
no chronic pain on a participant, although it can impose temporary discomfort to some
individuals. The arterial occlusions impose between 250-300 mmHg of pressure to the
upper leg, 10 times that of sports compression garments . Additionally, the process of
arterial occlusions can add an extended duration to research protocols, as the measurement
needs to be carried out following a rest period. In general, the benefits outweigh the
negatives, as mVO, can be assessed without any medical intervention, and is relatively
painless when compared with muscle biopsies. Additionally, arterial occlusions can

provide information related to the rate of mitochondrial respiration which biopsies cannot.

Feasibility studies are vital for researchers to understand the recruitment strategies needed
to minimise the limitations of intervention studies, as well as identifying the adherence,
and retention rates. El-Kotob et al., 1% commented on the factors that need to be considered
to ensure recruitment, adherence, and retention rates were high. These include travel
duration, supervised vs unsupervised training, amount of sessions, use of activity monitors,
and loss of interest. All factors were taken into consideration during the conception of this

feasibility study.

We postulate that O.Supp exercise allows an increase in both the delivery of oxygen to the
working muscles, and the utilisation, therefore allowing a higher training load, potentially
leading to significant changes in skeletal mVO,. This hypothesis is supported by Cardinale
et al., % and Przyklenk et al., * who found that acute O,Supp, increased O, delivery,
enhanced performance and intracellular adaptation (mitochondrial density and efficiency).
However, their studies varied in exercise repetition duration (30 s-30 min), intensity (sub

max- maximal), fiO> (0.3-1.0), and modality (endurance vs HIIT). Each of these
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methodological differences makes it hard to compare results due to the changes in the data
being associated with these factors rather than the primary aim (O2Supp). Additionally, this
study will apply non-invasive measures to measure outcomes in mvVO2, making it real world
applicable via wearable biofeedback.

Additional, research is also needed to understand if a multi session training study with
O2Supp is feasible for participants (in relation to recruitment, retention, and adherence).
High intensity interval training studies are notoriously under powered 2%°, most research
has just two groups (intervention or control) with relatively small sample sizes (n = 6-10
per group). This sample size is only sufficient for powering for the primary measure, even
though most research analyses involve 3+ measures.

This study was conducted to assess the feasibility of using O2Supp during a multi-session
training intervention with non-invasive measures of muscle oxygen response.

In order to explore this, a 5-week randomised controlled intervention was carried out,
where participants were single blinded to the type of gas inhaled during the training. This
study set out to determine whether a short sprint cycling training intervention with O2Supp
could influence muscle oxygen utilisation. Additionally, this study aimed to determine if
the participants would tolerate and adhere to an 8-session training intervention with

multiple non-invasive measures, for which they had to travel to the lab.
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8.4 Methods

8.4.1 Study Design

This study used a 3-week single blind randomized controlled training study design
with parallel groups stratified from participant’s baseline VO,max. Participants were
randomly assigned either an experimental group where they trained with oxygen
supplementation (n =5, FiO2 1.0; O2Supp), or normal sea level conditions (n = 4, FiO-
0.21; Normoxia. A control group only partook in pre and post-tests ran (n = 4, Control).
Participant data, 1.77 £ 0.06 m, mass 77.4 £ 9.6 kg, age 38 + 8.3 years, thigh thickness 9.6

+ 1.2 mm.

Participants were recruited from Colchester Borough cycling clubs, who had previous
experience with laboratory testing. Exclusion criteria included: Females, over 45 years old,
diseased population. Due to the large uptake of male participants (95%), females were
excluded from partaking in order to reduce the potential effects of menstrual cycle on
results.

In weeks 1 and 5 (pre and post 3-week training study) participants undertook baseline and
post-tests respectively. Training consisted of six supervised HIIT sessions within the
middle 3-week period. Non supervised training was distributed across the 5-week period
documented in Table 8-1. Training sessions were held on non-consecutive days with at
least 48 h recovery — two times per week for three consecutive weeks (6 session). Every
supervised session was conducted under the direct supervision of an exercise physiologist

on a one-to-one basis.

Participants were informed of the procedure and provided written informed consent.

Participants were asked to refrain from strenuous physical activity 24 h prior to
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participating. The study design is shown in a diagram in Figure 8-1 and Figure 8-2. Ethical
approval for the study was granted by the University of Essex ethics committee in
accordance to the Helsinki declaration.

An a priori power calculation was not performed because the effect sizes and standard
deviations were unknown for the primary measure (mVOy), and collection of such data was
one of the aims of this study. The (pilot) data collected in this study can be used to inform

power calculations for subsequent larger studies.

8.4.2 Recruitment, Retention and Adherence

Of the sixty participants that expressed interest in taking part in this study, only 15
attended pre-test screening, a recruitment rate of 25%. Of those 15 participants who
attended pre-test screening, the study retained 87% of them (n = 13) with the other
participants dropping out prior to the start of testing due to extenuating circumstances. The
adherence rate was 100% of those that conducted the pre-test. Each of the thirteen
participants conducted all of the sessions that had been randomly allocated to them (8
sessions for both experimental conditions and 2 sessions for the control condition).
Participants who signed up but subsequently dropped out expressed that 8 sessions over 5-
weeks was too many sessions in a short period of time, as well as the keeping each session
at the same time of day and day of the week. No reward was provided to take part in the

study, participation was of their own accord throughout.

8.4.3 Experimental Protocol
Pre and Post-test Measures

Testing Process
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As documented in Figure 8-1 and Figure 8-2 the process of testing started with the pre-test
measures. The order of these measures were; arterial occlusions following a planter flexion
task, a cycling warm up, a 30 s cycling Wingate sprint, a recovery period and finally a
cycling maximal incremental exercise test. This procedure was reproduced during the post-

test measures.

30s Wingate Sprint
The Wingate test was performed following a 5 min 100 W warm up on a Lode cycle
ergometer (Excalibur, Lode B.V, Groningen, The Netherlands). The 30 s all-out test started
following 30 s of pedalling at 100 W resistance. Following a 5 s countdown the braking
resistance was applied to the magnetic flywheel and remained the same throughout the test.
Braking resistance was set to 0.8 Nm per kg-BM as determined by Lode instructions for
well-trained cyclists. Participants remained seated throughout the test, with strong verbal
encouragement throughout. Participants were instructed to pedal as hard and fast as

possible throughout the whole 30 s and not to conserve energy for an end spurt 2%,

Maximal Incremental exercise test
Following both a 5 min active recovery (100 W) and a 5 min static recovery. Participants
completed a maximal incremental exercise test until volitional exhaustion on a cycle
ergometer. This test has been described in detail elsewhere 2°2, In short, participants cycled
wearing a Hans Rudolf mask (Hans Rudolph Inc., Kansas, USA) which covered the mouth
and nose for pulmonary oxygen consumption assessment (Vyntus, Vyaire Medical,
Basingstoke, UK). The test was commenced with 1 min of cycling at a power output of 100
W, which was subsequently increased by 25 W every minute until exhaustion. Criteria for

exercise cessation was a plateau in VO, respiratory exchange ratio (RER) >1.10 and an
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RPE greater than 18. VO;max was calculated as the average of the highest 30 s VO,

measurement.

Supervised Training

Subjects completed the same procedure on each of the 6 visits over 3 weeks, comprising;
5 min relative intensity warm up 52% of heart rate reserve 17>176203 5 min passive recovery,
finishing with 10 x 15 s sprints with 45 s of recovery, undertaken using a Wattbike pro
(magnetic brake set 1, air brake set to 10) (Wattbike, Nottingham, UK). During the
supervised training sessions participants had either O.Supp or Normoxia. Protocol in
accordance with pilot testing conducted prior to this study. Participants have sufficient load
that they are able to reach peak power and not exceed max cadence. The air brake and
magnetic brake settings were based on participants characteristics, which were established
in previous studies 1% and pilot testing.

Wattbike pro was used to collect performance data (mean power and peak power (W)). No
prior familiarisation was conducted as prior reporting established that each participant was

familiar with repeat sprint cycling on a cycle ergometer.

Gas administration

Hyperoxic and normoxic gas mixtures were administered via a rig of 4 x 200 L
Hans Rudolph Douglas bags connected to a Hans Rudolph mask and head net (Hans
Rudolph Inc., KS, USA). The oxygen supplementation (FiO2 1.00) condition used medical
grade oxygen cylinder (BOC, Surrey, UK). In each condition, participants wore the mask
and breathed from the Douglas bag during the whole session (sprint and recovery). This

was determined due to results from - Experimental Chapter: and - Experimental Chapter:
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that showed a continuous supply of oxygen was most effective and increasing acute

performance.

Blood lactate and Haemoglobin

Prior to each training session, a pre-exercise (baseline) 20 ul capillary sample of
blood was taken from the right ear lobe to measure lactate. Each sample was mixed with
haemolysing solution within a 0.5 ml haemolysing solution cup. Subsequent BLa samples
were taken during the recovery period between intervals. All samples were analysed for

Bla within 24 h of withdrawal using a Biosen (EKF diagnostics, Cardiff, UK).

Additionally, haemoglobin was measured pre and post training intervention using a manual
lancet to the right ear lobe. A single 50 pl capillary blood sample was collected using a
microcuvettes and subsequently placed in a HemoCue Hb 201+ (HemoCue, Angelholm,
Sweden). Haemoglobin was used to assist in the estimation of the extent of oxygen delivery

to the working muscles 2%,

Near-Infrared Spectroscopy (NIRS)

Full details of this methodology are presented in detail in methodology chapter 2.
In brief, participants wore a portable NIRS device to monitor muscle oxygen saturation of
the Vastus Lateralis (PortaMon, Artinis Medical Systems B.V., Elst, The Netherland). The
NIRS device was fixed to the belly of the right Vastus Lateralis, regardless of limb
dominance. The device was placed 3 cm anterior to the midpoint between the top of the
greater trochanter and the lateral epicondyle of the right knee 1. Indelible ink was used
to draw around the device to guarantee accurate NIRS placement during subsequent visits.

Throughout NIRS devices were connected to a personal computer via the Bluetooth™



Page 171 of 254

system for data acquisition (10 Hz). NIRS data was subsequently filtered using the

methodology detailed by Rodriguez et al., 3.

Near Infrared Spectroscopy (NIRS) Analysis

A pre exercise baseline measure lasting 60s was taken prior to each test.
Oxyhaemoglobin (O2Hb), deoxyhaemoglobin (HHb) and total haemoglobin concentration
(tHb) are reported as change from baseline The tissue haemoglobin saturation index (TSI)
expressed in % and calculated as ([O2Hb]/([O2Hb + HHDb])) x 100, which demonstrates the
02 supply and O consumption 1%, was calculated using SRS methods (see chapter 2) and

used to assess muscle reoxygenation rate (%.s™%).

Muscle Oxygen Consumption (m7Oy)

Avrterial occlusions were conducted (at the start of all visits), following a short
submaximal lower leg exercise (planter flexion using black TheraBand) using a rapid cuff
inflator (Hockanson, SC12L/E20, PMS Instruments, UK). The cuff was placed proximal
to the NIRS device. The cuff was inflated to a pressure of 275 mmHg and inflated/deflated
in 0.3 s. The cuff was inflated for 30 s three times with 30 s rest between occlusions 7. The
primary measure, mVO,, was estimated by fitting the slope of the difference between O.Hb
and HHb (Hbdiff) signal during each occlusion 2%. Greater negative values represent higher
muscle oxygen consumption.

Incomplete arterial occlusion was determined by the absence of pulsatility in O2Hb signal
and the direction of O-Hb and HHb; under complete arterial occlusion these are expected
to move in opposite directions 4. If this does not occur the occlusion isn’t correctly

restricting blood flow and flow is still visible on the NIRS trace.
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Acceptance and Perception

Throughout the course of the 8 sessions, multiple questions were asked of the
participants, with specific focus of adherence, toleration and perception of the
methodology. Participants were asked at the end of the study how much of an impact the
study had on their normal lifestyle. Additionally, they were asked how tolerable the
measures were and whether they would volunteer to partake in a similar study in the future.
Lastly participants were asked if they had any side effects or discomforts directly from the

oxygen supplementation. All participants were asked regardless of condition.
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Table 8-1. Mean duration (HH: MM. SS) of non-supervised training performed

during the total intervention period.

Intensity Zone O2Supp (n =5) Normoxia (n = 4) Control (n=4)

Intensity Zone | 03:12.10 00:46.04 02:36.30
(>65% of HR max)

Intensity Zone Il 06:26.43 03:01.41 07:11.26
(66-82% of HR max)

Intensity Zone |11 02:28.12 07:24.10 01:47.24
(83-87% of HR max)

Intensity Zone 1111 01:57.02 03:00.00 01:11.12
(88%-100 of HR max)

Total Training Duration* 16:10.07 13:57.55 13:29.50

*Zone data was unavailable for every participant. Unsupervised training could be
conducted on 3 days (additional to the supervised sessions) during the week with rest days
after each supervised training session.
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Occlusions Warm Up P2 IEHE FREErElon Wingate SO VO, Max Test
" Occlusions (3x3059) "~ 5minutes Active 1 minute "~ 30sPowertest 15 minutes o 15-20 minutes
Warm up

v

A

Full Duration — 75 minutes

Occlusions: Warm up: Wingate test: VO, Max Test:
- Sub maximal exercise (planter flexion) - Sub maximal exercise - 30 All out sprint test - 5 minute WU
- Post exercise occlusions - 5 minutes - 7.5% of body weight - 100 W start
- 30 s Occlusion with 30 s recovery, - 100 W - 25W every 1 minute
three times. - Test till exhaustion

- 3 minutes in total
- Pressure of 275 mmHg

Figure 8-1. A schematic representation of the experimental methodology during the pre and post-test.
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Occlusions Warm Up recovery I I I I I I I III
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»
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A

" Occlusions (3x305) "~ 5minutes Active ) 5 minutes Sprints 10 x 15 s, 45 s recovery

Warm up

A

Full Duration — 45 minutes

Occlusions: Warm up: Session:
- Sub maximal exercise (planter flexion) - Sub maximal exercise - 15 sprint (seated)
- Post exercise occlusions - 5 minutes - 45 s recovery (passive)
- 30 s Occlusion with 30 s recovery, three - Level 4 Wattbike (~200 W) - 10 sprints
times. - Maximal air brake and 1 magnetic brake.

- 3 minutes in total
- Pressure of 275 mmHg

Figure 8-2. A schematic representation of the experimental methodology during the training sessions.

v

Blood
lactate
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8.4.4 Statistical Analysis

Statistical analysis was performed using the statistical package, SPSS statistics
version 25 for windows (SPSS, Inc, Chicago, IL, USA).
Two-Way analysis of variance ANOVA was performed to examine the main effects of
condition and time on; peak power (W), mean power (W), VOzmax (ml-kg-min™),
haemoglobin concentration in blood (g-L™?) and mVO2 (UM-HB diff-s2).

a level set p = 0.05 for all data analysis.
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8.5 Results

This study primarily demonstrates that it is possible to design and implement a
rigorous exercise study, whilst administering a blinded supplement during training
sessions. Analysis shows that it is feasible to recruit, with large retention rates from the
study commencement (77%), as well as being well received by participants. Although there
was an initial pre-study retention rate of only 22%., adherence to training was 100%. The
adherence of subjects wearing heart rate monitors during unsupervised training (Table 8-1)
was 70% with training intensity data consequently not obtained.
As shown in Table 8-2, mVO,was successfully obtained with 77% of the population, with
the NIRS signals highlighting incomplete arterial occlusions (as documented in methods)
during data analysis in 20 out of the 26 arterial measures. The incomplete arterial
occlusions (33% of the total sample) was due to incomplete obtainment of NIRS signals
(as documented in methods). No data was lost due to cessation of a measure due to

discomfort with the arterial occlusions.

When asked about how much the study inconvenienced them, 80% expressed it substituted
normal training, with 20% expressing it was a burden with travel and additional training
stress. Additionally, 90% of participants found all measures to be tolerable with small
discomfort felt during the occlusions. The other 10% expressed they would not partake
again if they had to take part in occlusions due to the discomfort it caused. No participants
reported any side effects with the oxygen supplementation or Normoxia and would take

part again in oxygen supplementation study in the future.

Pre vs post-training represented in Table 8-2 shows positive changes in mVO; (37%),

haemoglobin concentration (~2 g-L?), peak (4.1%) and mean (2.7%) cycling power (W)
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following O2Supp, whilst not being statistically different from change experienced with
Normoxia (p > 0.05). There was no significant main effect for time, group or interaction
for any measures (p > 0.05).

Figure 8-3 depicts representative data of the NIRS traces (O.Hb, HHb and tHb) during the
three submaximal exercise occlusion procedures.

Figure 8-4 shows individual mVO, participant data at the pre and post training visits for
OSupp and Normoxia. The trend in the data shows that mVO; increases pre to post
following oxygen supplemented training. Training in Normoxia results in a small decline
in mVO2. The mVO; findings follow a similar trend as the performance variables (mean
and peak power), it is evident that cycling power improves alongside mVO2. However, the
control group did experience an increase in mVOz as a result of normal endurance training

during the intervention period.
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Table 8-2. Data from maximal exercise test and Wingate tests pre and post training for cyclists doing sprint interval training with oxygen

supplementation or normal conditions and the control.

O2 Supplementation (n=5) Normoxia (n=4) Control (n=4)

Pre Post Pre Post Pre Post F Stat p-value

VOzmax (ml-kg-min’) 4610+ 6.36 4665+ 7.78 4514+3.96 4611+582 4842263  4947+621  F(2)=0037 p=0.96

Wmax (W) 340.00 + 51.84 345.00 + 343.75+4270  362.5+32.27 3312543750 35625+  F(2)=2.151 p=0.17
44.72 51.54

Peak power Wingate (W) 928.86 + 79.06 967.32 989.25 + 102850 + 101050+  10175+7.32 F(2)=0.256 p=0.78

29,50 137.88 133.29 97.48

Mean power Wingate (W) 650.14 + 41.24 668.55 + 673.25+3323  692.00 + 29.30 663.75+67.91 66350+  F(2)=0535 p = 0.60
32.26 72.96

Haemoglobin concentration 155.40 + 11.87 157.00 + 156.75+6.24  150.75+8.14 177.75+16.34 16775+ F (2) =0.900 p =044
(gL 14.00 13.74

MVO, (UM-HB diff-s1) 0.11 +0.05 0.16 + 0.06 0.15 +0.05 0.10 +0.01 0.10 + 0.04 017+001  F(2)=3.310 p=0.10

Values are mean + SD. Tn =4 in O,Supp, n = 4 in Normoxia and n = 2 in control.
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8.6 Discussion

This feasibility study demonstrates that the application of NIRS to assess muscle
oxidative capacity, pre and post a 3-week O>Supp intervention, is sensitive enough to detect
changes in response to training and or supplementation. These findings were achieved
following a mixed training intervention including supervised and unsupervised training.
This study, therefore, provides support for the application of non-invasive biofeedback

measures of muscle oxidative capacity within ‘real world’ training settings.

The adherence to training was 100% throughout the study, however, the adherence of
subjects wearing heart rate monitors during unsupervised training (Table 8-1) was only
70% with training intensity data being lost in the process. It is reported that when people
sign up to studies, they invest their time and effort, therefore the adherence to the proposed
training is high. The participants that would have had lower adherence tend to drop out
prior to the study’s commencement. There is little evidence to suggest that participants will
adhere to training better during supervised vs unsupervised training, however, there is
evidence to suggest this is the fact with diseased populations 2%-2%, |t was found that
adherence and training was elevated during supervised training sessions, even though
supervised sessions were not always feasible (i.e. time consuming and expensive). These
research studies also found that supervised training was much more effective during an
intervention study than unsupervised training, although most report that improvements in
unsupervised group are still greater than no training.

It is important to ensure that all participants are fully aware of the demands of the study
prior to participation. This was why this study experienced lower initial up take of
participants but managed to have very high retention rate, each participant was fully aware

of the task in hand. Further incentives other than data and training should be made available
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to participants during training interventions. An increase in incentives may result in

subsequent increases in initial participant up take, unlike the current study.

There is a high requirement for unsupervised training within sport, as coaches are not
always available to attend every session with every athlete. Coaches set training plans to
include both supervised (typically HIIT) and unsupervised training (typically long duration
endurance). This study trialled a reflection of this type of training practice, with the
participants completing the high intensity work in the lab, then completing lower intensity,
longer duration work ‘at home’.

In future studies of this nature, we suggest further guidance and information need to be
provided to participants to ensure that data collection is maintained. An increase in
wearable technology is evident in the sports market, with the market’s growth at around
20% per year 2%°. This leads itself to a change in behaviour and routine of athletes, athletes
are using more technology in sport to aid training and feedback 2. Future studies may see
an increase in adherence and retention due to athletes being more accustomed to wearing

devices on their person.

As shown in Table 8-2, mVO, was only successfully attained with 77% of the population,
with the NIRS signals highlighting incomplete arterial occlusions (as documented in
methods) during data analysis in 20 out of the 26 arterial measures. The incomplete arterial
occlusions (33% of the total sample) was due to incomplete obtainment of NIRS signals
(as documented in methods). No data were lost due to cessation of a measure due to

discomfort with the arterial occlusions.
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To account for the drop out and the sensitivity of the primary measure (mVO; 1.5-
2.5%)1°2211212 fyture studies will need to overpower their sample size. The sample size
will need to account for the 23% drop out (of data) and the coefficient of variation (~17%)
of the primary measure 23, A specific sample size analysis is problematic due to the
novelty of the primary measure (mVO,) and the methodology applying that measure (6
session HIIT intervention with arterial occlusions). The research is yet to establish the
minimal detectable change (MDC) or the minimal clinically important change in mvVO;
using arterial occlusions (NIRS) following a training intervention.

The absolute reliability was used to calculate the MDC of each measure with the following
formula: MDC = Standard Error of Measurement X 1.96 X V2. The MDC indicates the
minimal amount of change that can be interpreted as a real change in the primary measure.
The MDC for mVO, was calculated as 47.12%, therefore a change greater than 48% would
infer meaningful results. This feasibility study identified changes between 45% and as high
as 70% for the primary measure. Therefore increasing the sample size of each group to
align with the upper limit of the research (n = 8-15) would infer meaningful changes in
mVO;, whilst accounting for a loss of data of up to 25% 214216, Additionally, using the data
from this preliminary analysis to run a post hoc power analysis puts the sample size needed

at n = 8 per group (a = 0.95, 1-f = 0.05, large effect size = 0.5 and medium correlation).

Additionally, the process of arterial occlusion within this study was adapted from Southern
etal., " and Jones et al., "4, who both suggested that repeated short occlusions (3-8 s) with
short rest periods was possible to attain a measure of mVO,, however pilot testing in this
study suggested this to be not possible. Testing established that repeat short duration
occlusions using a rapid cuff inflator by Hockanson (as referenced by both Southern and

Jones) was insufficient in the aforementioned time scale (confirmed by manufacture-
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Hockhanson). As a result, this study used a longer cuff inflation of 30 s to attain suitable

217

mVO; response using NIRS, which has also been used by Ryan et al., 2! on collegiate

athletes, sedentary individuals and people with spinal cord injuries.

The preliminary results of the effect of O>Supp during a 5-week high intensity sprint
cycling intervention on muscle oxidative capacity, mean power output and peak power
output, has only been investigated by one other study 4°. Interestingly, the current study
found that O,Supp elicited a trend towards meaningful differences in mVO2, whereas
Cardinale et al., ¥*° found O,Supp did not change haematological (venous blood sample)
or mVO; parameters following training. The changes in muscle oxygenation evident in this
study were also replicated in unpublished work by the authors, this highlights that there are
changes as a result of O.Supp. These differences between studies is likely to be
methodological differences (HIIT vs Endurance, venous blood vs capillary) rather than as
a result of O>Supp. Cardinale et al., also found that even though no significant changes in
haematological or mVO, parameters were evident, the 6-week training programme did
elicit increases in mean power output (20 km TT). They believe that the changes in
performance were related to neuromuscular measures that were not assessed and not
haematological or cardiorespiratory. This study did not measure neuromuscular changes
however previous work by the authors has highlighted that this may be a potential

mechanism for changes as a result of O,Supp (fibre recruitment) °,

This study’s findings also showed that 3-week HIIT with O.Supp induced significant
performance improvements (peak power output) compared to the control condition, with
non-significant changes compared to Normoxia. Our findings contradict those of Kilding

et al., 1% who found that 8 sessions of O2Supp HIIT was not sufficient at increasing
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endurance performance any more than Normoxia condition. They highlight reasons for
why they experienced limited findings; insufficient taper time, lack of neuromuscular
measurements and reduced FiO2 0.6. This differs from the current study due to the higher
FiO2 1.0, although the duration (less than 1 week) given for a taper is a limitation for this

study too.

Our findings support the notion that O>Supp during high intensity cycling is a strong
stimulus to increase the rate of muscle oxygenation, subsequently increasing mvOa. It is
also interesting that the control condition experienced a large increase in mVOz across the
5-weeks, this data is shown within Table 8-1. Table 8-1 highlights that the control condition
conducted a larger amount of low intensity endurance training without much high intensity
training, which has also shown to increase muscle oxygenation 28, This shows that the
current training programme is feasible at increasing muscle mvVO2 but maybe not more so
than low intensity endurance training. However, research has reported that HIIT has a
higher rate of adherence, with participants enjoying it more than longer periods of
endurance training 2*°. HIIT can therefore be applied to training studies where possible, to
ensure retention and adherence, however the effectiveness of lower intensity training
should not be forgotten and may be more appropriate for novice, older or less active

population.

For subsequent larger studies it would be prudent to increase the geographic scope of
inclusivity to enhance the number of participants enrolling in the study to meet a priori
sample size calculation. This suggests that a specific small geographic location is not a

practical method of recruitment. Although, further geographic scope can result in increased
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athlete drop out due to extensive travel time needed to complete a multi session week

training intervention.

To our knowledge this is the first study to report positive changes in mVOz using NIRS
during a multi week O>Supp intervention. This may be due to the training methodology (10
x 15 s sprints 45 s recovery) eliciting a sufficient training stimulus for adaptation in muscle
oxidative capacity, especially with the additional stimulus of O2Supp. Although a 6-session
training intervention has been shown to be sufficiently long to observe changes in muscle
oxidative capacity using NIRS %4, a longer duration study (6 week with 12 sessions) may
have shown further improvements in mVO.. Increasing the sample size and power by using
a larger number of participants in a follow up study should be able to examine the
relationship between mVO, and power output in greater detail. This additional analysis

may allow researchers to identify mechanisms behind such changes in both variables.

Additionally, with a short turnaround of 48 h between sessions within this study, increasing
the period of rest (taper) between the last training session and the post-test would have
allowed for fatigue levels to drop and therefore, greater adaptation may have been
measurable. It has been shown that a taper period of 7 days is effective at diminishing the
effects of fatigue induced by intense training, whilst maximising physiological adaptation
and resultant performance ?%°. Therefore, increasing the time between the last training
session and the post test could have enabled adaptation to be measured in the absence of

fatigue.
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8.6.1 Limitations

This feasibility study has some limitations which are important to address in future
larger study designs. Firstly, muscle oxidative capacity was measured by NIRS, a novel
method to evaluate muscle oxidative capacity in this O>Supp research, and not by muscle
biopsies, which is regarded as the ‘gold standard’ method, although muscle biopsies can be
used for multiple additional analysis. However, the non-invasive and real-time application
of NIRS makes it desirable to coaches and athletes alike who have identified the need for

wearable technologies to provide useful information %,

Secondly, blinding of the exercise physiologist to reduce bias. The single blind nature of
this study may have led to experimenter bias, influencing the results, however standardised

instructions and encouragement was given equally throughout ALL testing sessions.

Finally, the lack of female participants incorporated within the study limits the scope of
application of O>Supp to a narrower audience (male dominated). In a larger study, female
participants should be sought after. Further recruitment strategies (female only sessions,
wider geographic inclusion) should be applied to increase the female participation for
future studies. NIRS research currently focuses on male dominated studies due to a
limitation in the depth of the near infrared signal — i.e. the depth of the infrared signal needs
to be more than double the adipose tissue depth ®. Women generally have more
subcutaneous fat than men and therefore, the depth of the infrared signal is not sufficient
in these populations, decreasing the sensitivity of the desaturation profile and

overestimating the overall oxygenation response.
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8.7 Practical Application

When combined with arterial occlusions, NIRS is a functional tool in which skeletal
muscle oxidative capacity can be detected following training blocks, allowing coaches to
make Dbetter informed decisions on the effectiveness of the training programme.
Unsupervised training during HIIT is feasible for coaches to apply to training programmes
to ensure adherence when used with the correct monitoring. O.Supp has reported no
additional side effects from training, when used in an unpressurised reservoir bag during

HIIT.

8.8 Conclusion

This novel study demonstrates that a 5-week, O>Supp repeat cycling exercise study
with measures of NIRS is feasible. NIRS was shown to provide a measure of muscle
oxidative capacity that was sufficiently sensitive to detect changes following O2Supp
training. The training and testing approach appear successful supported by the high
retention and adherence rates of the participants. The results highlight that O>Supp elicits
increases in muscle oxidative capacity and increases mean power output. However, future
studies will need to overcompensate the recruitment pool to consider trial uptake and loss

of data.

8.9 What Next?

This chapter advances the research narrative within O>Supp research. This research has
established an effective time to administer O.Supp (Chapter 4 & 5), it has ruled out
potential mechanisms (Chapter 6) and it has started to evaluate other mechanisms (Chapter
7), and now it has shown the effectiveness of O.Supp within a training study. Further

research is needed to take the discussion points of this chapter and develop them into a
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rigorous experimental study. This would further strength the narrative that O>Supp is an

effective ergogenic aid within repeat sprint cycling.
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9 - Chapter Nine:

Combined Analysis
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9.1 Abstract

9.1.1 Obijectives

Each experimental chapter evidenced that O>Supp permits a higher mean cycling
power output during high intensity interval training (HIIT) than Normoxia. As each
experimental chapter O>Supp used similar methodologies, we conducted a combined
analysis using the data from each experimental chapter to highlight the effectiveness of
O.Supp within a HIIT session, with particular focus on performance variables - mean and

peak power output (W), and timing of performance decline.

9.1.2 Design and Methods

There was a combined sample size of 81 data sets (O.Supp = 41, Normoxia =40, n
= 35), Age 26.6 = 7.8 years, stature 1.81 + 0.54 m, mass 78.8 + 10.4 kg. Data used for
analysis was taken from experimental chapters when O>Supp and Normoxia were used
throughout the entire session (sprints and inter sprint recovery) (experimental chapters 1
through 4). Each session consisted of 10 x 15 s repeated cycling sprints on a cycle
ergometer, interspersed with 45 s recovery.
Repeated measures analysis of variance (ANOVA) were conducted to look for differences
according to condition (O2Supp / Normoxia) for; performance with sprint 1 as a baseline
for mean and peak power, and BLa (mmol-L™) for each sprint (10 sprints) (condition X
time). Further, ANOVAs were conducted to assess the differences in performance decline,

and between mean power output (W) and peak power output (W).

9.1.3 Results

O.Supp training elicits positive meaningful improvements in mean sprint cycling

performance using sprint one as baseline (increased by 16 £ 16 W, p <0.01).
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O2Supp helps with the attenuation of lactate accumulation and performance decline. Small
reductions in peak power was evident (25 £ 17 W, p > 0.05). BLa levels were on average
2 mmol-L* lower during O2Supp compared with Normoxia. Performance decline was also

4% lower in O2Supp.

9.1.4 Conclusion

This analysis showed that O.Supp during repeated sprint cycling is beneficial for
mean sprinting power and the attenuation of both performance decline and lactate
accumulation. O.Supp has shown positive meaningful benefits for repeated sprint cycling

and could be applied to acute HIIT training sessions.
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9.2 Background

Each of the previous chapters added small components to a larger narrative, ‘O2Supp
is an effective ergogenic aid for repeat sprint cyclists’. Each of the previous studies have
shown performance enhancing effects of O,Supp, some way or another. However, due to
the relatively small sample size of each of the previous chapters some questions will
remain. This forthcoming chapter will try to eradicate them but looking at all the data

collected within the studies sprints and assess common themes.

9.3 Introduction

Oxygen supplementation is considered as a relatively new area of focus within the
sports science community. There is only a small amount of research conducted with large
samples sizes, meta analyses comparing modalities or effectiveness or reviews that assess
O.Supp research as a whole 119221 The research conducted during the previous
experimental chapters categorically falls outside of these too, hence the design of this study.
The haemodynamic meta-analysis by Smit et al., ?** focused on clinical populations
(diseased patents) rather than sporting populations, therefore, the findings are not as
relevant. Diseased populations by definition have sub optimum physiology therefore they
react to stimuli (O2Supp) differently to healthy individuals. Additionally, the meta-analysis
assessed multiple methodological changes, whereas the current study will be focused on a
specific population and methodology with lots of data sets, to enable strong inferences to
be made.
The previous five experimental chapters were formulated to address specific research
question within oxygen supplementation. The common factor between these chapters is

that they all have a relatively small sample size. Each of the studies are sufficiently powered
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for the primary outcome of each study (mean power output) but may not have sufficient
power for analysis of secondary outcomes or for post hoc investigation.

This combined analysis using data from five previous experimental chapters was devised
to highlight the effectiveness of oxygen supplemented repeat sprint cycling on performance
outcomes (power output & performance decline) and BLa in trained cyclists, when the
sample size is 8 times that of its power calculation (n = 8 to 10 for the primary outcome).
We have already shown that oxygen supplementation would enhance cycling performance
to an extent greater than that of Normoxia, and that O.Supp would elicit reductions in BLa
accumulation more so than Normoxia. This section therefore aimed to demonstrate the full

extent of the effects.

9.4 Methodology

9.4.1 Study Design

Participant information from the experimental chapters was used for the combined
analysis. Data sample size of 81 (O.Supp = 41, Normoxia = 40, n = 35, Age 26.6 £ 7.8
years, stature 1.81 + 0.54 m, mass 78.8 + 10.4 kg)
Only data from the full oxygen supplemented condition and the full normoxic condition
were considered for analysis during this combined chapter. Experimental conditions HN,
NH in experimental chapter 1, 2, 3 and 4 were not included in the analysis due to their

varying duration and methodology (pre exercise or inter-sprint recovery).

9.4.2 Experimental Protocol
Variables
The main three variables that were used for analysis were; mean power output (W),

peak power output (W) and BLa concentration (mmol-L™). Peak sprinting power (the
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highest W achieved in each cycle) and mean sprint power (the average W produced during
each 15 s cycle) were taken during the ten times 15 s repeated sprints. BLa concentration
was taken during the inter-sprint recovery period (45 s). This is described in more detail in
the literature review of this thesis (chapter 3.2.3).

Mean power output was used to determine the extent of performance decline throughout
the 10 repeated sprints. Performance decline is described in more detail in section chapter
3.2.1.

Additionally, mean (MPO) and peak power (PPO) output variables were used to assess
performance changes during each subsequent sprint from baseline [AS1_MPO &
AS1 _PPQO]. Sprints 2 to 10 were used for the analysis, sprint 1 was used as a baseline to

consider participants performance level.

Data handling

Data from each of the experimental studies was combined to produce one large data
set. Data from experimental chapter 1 through 4 screening process is documented in each
relevant chapter and added together to formulate a larger data set.
Experimental chapter 5 data was added to the large data set following a period of data
handling. The data from participants training sessions was collated and sorted using the
median of the six visits which provided one set per participant to use within the main data
set. The data was subsequently rake weighted to consider the multiple visits from each of
the participants (0.23 - NN and 2.63 - HH). Data was subsequently screened for outliers
that were 2 standard deviations from the mean. Two values were removed from the data

and imputed using estimation maximisation technique.
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9.4.3 Statistical Analysis

All statistical analysis was performed using the statistical package, SPSS statistics
version 25 for windows (SPSS Inc, Chicago, IL, USA).
Repeated measures analysis of variance (ANOVA) were conducted to look for differences
according to condition (O2Supp / Normoxia) for change in performance across 10 sprints
(AS1_MPO, AS1 PPO) and BLa (mmol-L™) for each sprint (10 sprints) (condition X time).
Additional, ANOVAs were conducted to assess the differences in performance decline
between mean power output (W) and peak power output (W). Post hoc analysis was
conducted using paired samples t-tests with Bonferroni correction on sprints at an
individual level for change in mean power output, change in peak power output and BLa.
a- level was set p = 0.05 for all data analysis. Effect size for individual measures were
calculated and reported as Cohen’s d and interpreted using bounds as 0.2, 0.5, > 0.8, where

they are small, medium and large respectively 17°.
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9.5 Results

Change in Performance - Mean Power. There was a significant main effect on sprint
performance across the 10 sprints (Time) when using sprint one as a baseline F (8,200) =
33.31, p < 0.01, d = 2.31. There was no significant main effect for sprint performance
according to condition F (1,25) = 0.96, p = 0.34, d = 0.39. An interaction effect was evident
for mean power output between the conditions across the sprints (Condition X Time) (F
(8,200) = 7.93, p < 0.01, d = 1.12). Figure 9-1 shows that as the repeated sprints progress,
mean power output in the oxygen supplemented condition begins to plateau and then slowly
decline, whereas, the Normoxia condition shows a continued decline until sprint 9. Both
conditions show an effect of motivation and an end spurt during sprint 10. Post hoc analysis
shows a higher a change in mean power output from sprint 1 for sprints 4 through 10, p <

0.05.

Change in Performance - Peak Power. There was a significant main effect of time
on sprint performance across the 10 sprints when using sprint one as a baseline F (8,200)
= 18.43, p < 0.01, d = 1.72. There was no significant main effect for sprint performance
according to condition F (1,25) = 2.50, p =0.13, d = 0.63. An interaction effect was evident
for peak power output between the conditions across the sprints (Condition X Time) (F
(9,200) =7.12, p<0.01, d = 1.07). Peak power during the oxygen supplemented condition
maintains at a consistent level following sprint 1, with a small drop after sprint 7-9. On the
other hand, the Normoxia condition maintains a greater level of peak power throughout the
first 7 sprints with small decrements throughout and then maintain through to the finish.
Peak power is maintained for longer in Normoxia than the oxygen supplemented condition.
Post hoc analysis shows no significant differences in peak power output from sprint 1 for

any of the sprints, p > 0.05.
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Overall Performance Decline. There was no significant difference in overall
performance decline across the two conditions F (1,31) = 0.92, p = 0.34 (Figure 9-4). The
decline in performance in the Normoxia condition was 4% greater than the O2Supp

condition.

Blood Lactate. BLa accumulation was taken during inter-sprint recovery (Figure 9-
3). There was a significant main effect of time on lactate accumulation across the 10 sprints
F (9,225) =422.90, p < 0.01, d = 8.21. There was also a significant main effect for lactate
accumulation according to condition (Condition) F (1,25) =9.81, p < 0.01, d = 1.25. An
interaction effect was evident for lactate accumulation between the conditions across the
sprints (Condition X Time) (F (9,225) = 8.82, p < 0.01, d = 1.19). Figure 9-3 visually
demonstrates the process of lactate accumulation across the 10 repeated sprints in both
conditions (HH and NN). BLa in both conditions start off at a similar point but differs
almost immediately. O>Supp condition continues to increase by around mmol-L* after each
sprint and peaks at 10 mmol-L™t. The Normoxia condition peaks at around 12.25 mmol-L-
Land is on average 2 mmol-L* higher than O.Supp from sprint 3 onwards. Post hoc analysis
shows no significant differences in lactate accumulation from sprint 1 for any of the sprints,

p > 0.05.
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Figure 9-1. Change in Performance - Mean Power Output (W) across 10 sprints with

sprint 1 as a baseline (81 trials). * significant difference between condition (O2Supp

and Normoxia) (p < 0.05).

Legend = Oz Supplementation — HH, Normoxia — NN, Watts — W.
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Figure 9-2. Mean lactate accumulation during the recovery periods interspersed
between ten sprints (81 trials).

Legend: Oz Supplementation — HH, Normoxia — NN.
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Figure 9-3. Overall Performance Decline throughout the 10 Sprints (mean power
output) (81 trials).

Legend: Oz Supplementation — HH, Normoxia — NN.
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9.6 Discussion

The combined analysis of this study was a combination of data from the previous chapters.
The aim of this chapter was to demonstrate the full extent of performance improvements
with O2Supp. The discussion points of this chapter inform the major discussion points of
the thesis in its entirety. Therefore, the discussion is included in the following chapter

(chapter 10).
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10 - Summary:

Conclusions and Implications of Research
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10.1 Summary of Experimental Chapters

Experimental
Chapter

Chapter Aims

Chapter Findings

1

To explore the effects of O,Supp, both during recovery and during
cycling, on sprint cycle performance.

To confirm the methodologies used throughout the latter thesis
chapters.

4% increase in mean power output during O,Supp.

O,Supp attenuated performance decline by up to 5%.

To determine whether O,Supp is more effective during or between

repeat sprint intervals.

Continuous O2Supp appears to be more effective than discontinuous O,Supp for
performance.

Continuous O;Supp condition attenuated decline in performance more than
Normoxia.

To develop an understanding of the effects of O,Supp on repeat sprint

cycling fatigue, using twitch interpolation technique.

Mean power output increased by over 4% during O,Supp.

No change in fatigue related measures (twitch interpolation)

To further develop an understanding of the effects of O,Supp on

repeat sprint cycling using near infrared spectroscopy.

Increased muscle deoxygenation and reoxygenation rate with O,Supp (NIRS).

To explore the feasibility of using NIRS, arterial occlusions and
repeated cycling sprints during a multi session training study with
periods of supervised and unsupervised training.

To identify whether the proposed methodologies (NIRS) are sensitive
enough to detect changes in muscle oxidative capacity using arterial

occlusions.

NIRS is sensitive enough to detect small but meaningful increases mVO; in the
O,Supp group.

Training was well received by the participants with high adherence and retention
rates.

All methods (NIRS, occlusions, training) were tolerable by 90% of the participants.
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10.2 Summary

The main aims of this thesis were to identify the extent to which O>Supp can be used
as an ergogenic aid in both acute and chronic repeat sprint cycling training, and to begin to
examine the underlying mechanisms. The literature review (chapter 2) identified that
O.Supp research has limited comparable studies (studies with similar dosages and
methodologies). Chapter 2 enabled the conception of the methodologies and research aims
used throughout this thesis. Chapter 2 also introduced a broader overview of the literature
within O2Supp research and addressed how O2Supp can affect repeat sprint cycling and the
potential mechanisms behind these effects. Research for this chapter allowed for the
formulation of the research questions that would later be addressed in the 5 experimental
chapters.
Research question 1 asked “during which component of a cycling training session is
O.Supp most effective at increasing performance?”. Experimental chapters 1 and 2 were
focused specifically on answering this question — when should oxygen supplementation be
used? These experiments examined the three main periods that comprise a training session,
the exercise period, the exercise recovery period between repetitions, and the longer period
of recovery between main sets of work. It was reported that more components of a training
session that are supplemented with oxygen, the greater the performance — Ii.e.
supplementation during the recovery (s) and sprinting together was more effective than
supplementation during the cycle or the recovery alone.
It has been suggested that the increase in performance evident following O>Supp is due to
the subsequent increase in PCr resynthesis following HIIT intervals °2%. Although PCr
changes were not measured during this thesis it is thought that it may be one of the main
contributing factors for increased performance during O2Supp as stored ATP and PCr

provides the energy needed during high intensity exercise lasting between 10-15 s.
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Consequently, repeated sprint exercise continuously depletes PCr stores. A 45 s rest after
10 s of high intensity exercise only replenishes ~75% of total PCr stores 1%*. Consequently,
after several successive sprints in a series, PCr stores will become significantly diminished
resulting in a reduced sprinting ability. Even though, the PCr energy system is anaerobic
in nature, its resynthesis requires oxygen. The resynthesis of PCr occurs using products
from both the Krebs cycle and aerobic glycolysis, which have been shown to be enhanced
following the use of O,Supp %°. Enhanced PCr resynthesis due to the consumption of
hyperoxic gas °>'% will allow performance to be maintained for longer as evident during

experimental chapter 1’s results.

Administering oxygen supplementation during inter exercise recovery was more effective
than no supplementation, but not as effective as supplementation throughout the whole
session. This advances the oxygen supplementation research, and specifically the works by
Sperlich et al., Hauser et al., and Zinner et al., 137121136 py jdentifying that OSupp in
longer durations and during exercise and recovery is more effective than either alone. Using
the data from experimental chapters 1 through 5 show that increasing the duration of
O2Supp within a HIIT programme leads to increases in mean cycling performance and a
reduction in both BLa accumulation and peripheral fatigue. This work can and should be
applied to exercise modalities (running, field sports and rowing) and methodologies (HIIT

with 1:3 work: rest ratio) similar to that of this thesis.

The second question posed was — research question 2 ‘Which physiological mechanisms
does O>Supp effect to allow for improvements in performance capacity?’. Experimental
chapters 3, 4 and 5 were devised to further understanding regarding the mechanisms that

underlie the beneficial effects of O>Supp effects. Experimental chapter 3 looked at the
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effect of O>Supp on peripheral muscle fatigue. This allowed further understanding of how
O2Supp attenuates peripheral fatigue whilst maintaining power output. It helped provide
evidence that the mechanism for increased power must lie within the peripheral muscle
belly. This was demonstrated during this chapter, using MVC, a global measure of fatigue.
The force applied during the MVCs dropped by around 20% in the Normoxia condition,
and by around 28% in the O,Supp condition. This shows that there was greater (albeit non-
significant) muscle fatigue as a result of the higher mean power output in the O>Supp
condition. Interestingly, the change in PTF and %VA were broadly similar across
conditions. The drop in voluntary activation (%) was small and less than 1.5% different
between conditions. The drop in PTF however was large, although again similar between
conditions (34 and 38%, Table 6-1). These results support the findings of Thomas et al.,
172 \who report performance in shorter efforts is predominately curtailed by peripheral
measures, rather than any central fatigue as proposed by Gandevia 2 and Nybo et al., *.
This was demonstrated in experimental chapter 3 when O,Supp led to a 4% increase in

cycling performance (mean power) without changes in peripheral muscle fatigue.

Using the findings from experimental chapter 3, experimental chapters 4 and 5 were
devised to investigate mechanisms occurring within the peripheral muscle belly. These
mechanisms would be identified using NIRS. Two significant findings occurred when
investigating the effect of supplementary oxygen on muscle oxygen utilisation and
reoxygenation. It was found during both acute (experimental chapter 4) and chronic
(experimental chapter 5) exercise, muscle oxygenation and cycling performance increased
more in the presence of O>Supp. In experimental chapter 4 both increased muscle oxygen

reoxygenation and increased utilisation were experienced by participants in O2Supp
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condition. This is the first research study that demonstrates increased muscle reoxygenation
(NIRS) during O2Supp.

The rate of recovery of muscle oxygen is one of most important aspect of fitness to a sprint
trained athlete 52. The ability to flush out fatigue related metabolic by-products and the
replenishment of fuel for successive sprints has obvious importance for performance. HIIT
is highly reliant on the utilisation of PCr during exercise and exclusively upon aerobic
processes (resynthesis) during periods of recovery 84 O, Supp has been shown to be
beneficial for sprint performance due to the increased resynthesis rate of cellular metabolic
PCr 14183 The significant increase in power output (3.95%), non-significant increase in
the extent of ATSI (%) recovery and reoxygenation rate (%-s™) seen here are potentially
indicative of an enhanced PCr resynthesis profile "2. Though PCr resynthesis was not
measured directly, muscle (re)oxygenation has been suggested by others to be

representative of this >189:1%,

In future studies, NIRS could be applied to O.Supp research more frequently to definitively
determine whether delivery or utilisation of the additional oxygen is the most important
factor. From our research, we hypothesise that it appears to be increased utilisation, as
evident through increases in resaturation, and larger desaturation profiles. Appling NIRS
in conjunction with other mechanisms (such as peripheral fatigue, muscle biopsies and
ventilation kinetics) will give insightful information into specific mechanisms to further

develop O.Supp research.

Experimental chapter 5 set out to identify the feasibility of O,Supp being applied to a 3-
week training intervention answering research question 3 - “Is O,Supp effective during

chronic supplementation?”. The findings of this chapter highlighted that O.Supp is more
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effective during single acute HIIT sessions, although small increases in mvVO, and
performance were experienced with chronic O>Supp. These findings oppose those of
Cardinale et al.,**® who found that O,Supp did not change haematological or mVO;
parameters following training. Cardinale et al., also found that even though no significant
changes in haematological or mVO, parameters were evident, the six-week (8 session)
training programme did elicit increases in mean power output (assessed via a 20km time
trial). They state that the changes in performance were related to neuromuscular measures
that were not assessed rather than haematological or cardiorespiratory alterations.
Although, neuromuscular measures were not assessed in experimental chapter 5, chapter 2
showed that peripheral muscle fatigue was not a significant factor in reducing performance
following O2Supp. Thus, this thesis does currently not support the hypothesis of Cardinale

et al., who believe neuromuscular factors to be a primary factor in performance change.

It is also evident (experimental chapter 5) that O>Supp can be applied to multi session
research (and training) with very high retention rates, with no immediate adverse side
effects. Additionally, experimental chapter 5 evidences that NIRS is a sensitive measure
for non-invasive detection of mVO, during O.Supp. This chapter is the first of its kind to
assess the feasibility of applying O2Supp to a short term HIIT intervention with sensitive
non-invasive measures of biofeedback. This chapter lends itself nicely for a follow up study
with increased sample size to assess the effectiveness of O,Supp as an ergogenic tool

during chronic use.

It can be shown throughout this thesis that O.Supp is a useful ergogenic aid for both acute

and chronic repeat sprint cycling. O>Supp increased mean sprinting power, muscle oxygen
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utilisation and reoxygenation, whilst attenuating performance decline and BLa
concentration.

It is suggested that an increase in muscle oxygen kinetics, PCr resynthesis, resulting in
lower BLa concentration is why O>Supp elicits such large improvements in performance
capacity. Therefore, if used during a full exercise session and administered at normal
atmospheric pressure (1 ATM) oxygen supplementation is likely to become a popular

training supplement.

10.3 Key Findings
The key findings of this thesis are:

- O2Supp offers a new and effective ergogenic aid to cycling HIIT programmes.

- This thesis is the first to consistently show supplementation with oxygen increases
mean cycling power output by up to 4% compared to normal atmospheric
conditions.

- This thesis includes experimental chapters that show O>Supp increases the rate at
which oxygen is utilised by the working muscles during exercise and subsequently
these muscles reoxygenate faster during periods of recovery. This is a novel finding
in the literature

- The findings of this thesis highlight that O>Supp attenuated performance fatigue
experienced during a HIIT session.

- This thesis contains a novel first study to assess the feasibility of using O2Supp in
a multi session training programme combined with non-invasive measures of

muscle oxidative capacity.
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10.4 Limitations

This research has several limitations that could be potentially addressed in future
research. Firstly, the rate of PCr resynthesis O>Supp is a key component of HIIT research,
and a direct measure of PCr was not possible in the current methodology. A direct measure
of PCr (via muscle biopsies or phosphorus nuclear magnetic resonance) would have
supported the discussions during each of the experimental chapters and would have allowed
slightly less speculation related to its response to supplementary oxygen. Ideally this
measure would have been included in experimental chapter 2 through 5, however,
methodological constraints in our lab meant this was not possible. Future research should
incorporate a direct measure of PCr to detect changes in PCr resynthesis, further elucidating
the changes due to O>Supp.
Another limitation of this thesis is the exclusion of S.0. measures from experimental
chapters 2 through 5. S.0> was measured during experimental chapter 1 with a very low
degree of success. The common equipment used to measure S:O> is a pulse oximeter
typically placed on the index finger of a participant. This location is problematic for a
cycling HIIT session, the participant grabs and squeezes the handlebars, as well as it being
in a direct path for surface run off of sweat from the upper body. Both of these problems
lead to the pulse oximeter detecting erroneous data on over 85% of the participants. Pulse
oximeters were removed from experimental 2-5 due to the lack of consistent viable results,
allowing participants to be non-restricted in holding the handlebars. Further research
should incorporate a measure of SaO> to understand the arterial oxygen fluctuations with
O.Supp. It is recommended not to use finger based pulse oximeters, instead use forehead

sensors 222, This method of pulse oximetry was not available during the course of this thesis.
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Another, limitation of this thesis comes from experimental chapter 5 with the use of NIRS
to measure muscle oxidative capacity, a novel method to evaluate muscle oxidative
capacity in this O2Supp research, and not by muscle biopsies, which is regarded as the ‘gold
standard’ method. However, the non-invasive and real-time application of NIRS makes it
desirable to coaches and athletes alike who have identified the need for wearable

technologies to provide useful information 9,

Additionally, the single blind nature of the study is not the ‘gold standard’ for
supplementation research. The single blind nature of this study may have led to
experimenter bias, influencing the results, however standardised instructions and
encouragement was given equally throughout ALL testing sessions. To increase the rigor
of this study a double or triple blinding of the gas administration should be considered.

Another limitation of this thesis is that all experimental chapter (1-5) were conducted using
male participants only, thus reducing the ability to generalise. During the conception of
experimental chapter 1 participants were recruited independent of sex, although no females
partook in the research. All future experimental chapters subsequently recruited male
participants only. Including females into experimental chapters would have led to further
limitations as some researchers suggest exercise response differences during menstrual
cycle 223224 due to hormonal fluctuations. Future research should identify the effectiveness
of O2Supp on females’ exercise performance during different stages of their menstrual

cycle however this was beyond of the scope of this thesis.

10.5 Future Research
The research in OSupp as an ergogenic aid is still in its infancy. The research

conducted within this thesis has both provided answers and more questions. Following on
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from this thesis and addressing some of its limitations the following research questions
could be addressed:
- What is the primary mechanism that causes such significant increases in power
output when O2Supp is used in HIIT programmes?
- How can medical grade oxygen be administered in a safe and effective manner in a
range of sporting environments?
- How does the dose and duration of oxygen supplementation influence performance

and recovery?

Many hypotheses related to O.Supp are formulated using findings from the research
conducted in high altitude studies, or medical pressurised oxygen settings. It is unlikely
that the response of the body to hyperoxia is the exact opposite as its response to hypoxia,
but the knowledge that altitude studies provide is a good starting point. For example, low
oxygen tension stimulates the production of EPO in order to maximise available oxygen.
The long-term effects of hyperoxia in relation to EPO and other blood components are, as
yet, unknown. Similarly, whilst findings taken from studies on patients with respiratory
disease who utilise hyperbaric hyperoxia are useful, it is likely that the nature of their
disease reduces the transferability of any findings to athletes.

Another important factor to consider is how to administer medical grade oxygen safely and
effective to a wider sporting population. Research into the mechanisms underlying the
success of OSupp is increasing, therefore, the focus may begin to move toward how we
make it widely accessible. Understanding the potential limiting factors in administration of
oxygen will enable companies to produce suitable products. Companies such as Boost
Oxygen®© and Oxygen Plus© are already producing handheld aids, but their cannisters only

hold enough for 1-2 min’ worth of oxygen. This thesis explicitly shows that O>Supp needs
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to cover an entire cycling HIIT session lasting up to 15 min for it to be of any measurable

benefit.

10.6 Conclusion

The work throughout this thesis addresses the effectiveness of O.Supp during a
cycling HIIT programme and has highlighted most effective time to administer additional
oxygen; it has also identified potential mechanisms involved (Figure 10.1). A key aspect
of this thesis has been to identify the usability of O>Supp within a cycling HIIT training
programme.
The findings of this thesis suggest that O>Supp is most effective for performance during
both the work and recovery durations within a HIIT training programme, with potential
mechanisms being increased utilisation of oxygen at a muscle level. Another key aspect of
this thesis is that O-Supp can be feasibly applied to a short-term training intervention with
non-invasive measures of mVO2 being sensitive enough to detect changes, as evidenced by
experimental chapters 3 through 5. The findings of this thesis emphasise the importance of
O2Supp as an ergogenic aid, whilst highlighting that further work needs to be done before

advocating its use to the wider sporting world.
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Oxygen supplementation

What is oxygen supplementation?

When is it most effective?

What mechanisms does it use/ effect?

Is oxygen supplementation effective

during a  short-term  training
intervention?

Figure 10-1. Questions answered within this thesis.
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Experimental Chapter 3
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Experimental Chapter 5



Page 215 of 254

11 - References

References used throughout this thesis




Page 216 of 254

1. Sperlich B, Zinner C, Hauser A, Holmberg HC, Wegrzyk J. The Impact of
Hyperoxia on Human Performance and Recovery. Sport Med. 2017;47(3):429-438.
doi:10.1007/s40279-016-0590-1

2. Zinner C, Hauser A, Born DP, Wehrlin JP, Holmberg HC, Sperlich B. Influence of
hypoxic interval training and hyperoxic recovery on muscle activation and
oxygenation in connection with double-poling exercise. PLoS One. 2015;10(10):1-
12. doi:10.1371/journal.pone.0140616

3. Sperlich B, Zinner C, Krueger M, Wegrzyk J, Achtzehn S, Holmberg H-CC. Effects
of hyperoxia during recovery from 5x30-s bouts of maximal-intensity exercise. J
Sports Sci. 2012;30(9):851-858. doi:10.1080/02640414.2012.671531

4. Sperlich B. Hyperoxia in recovery benefits swimming sprint performance but does
not benefit cyclists in high-intensity work. Med Sci Sports Exerc. 2011;43(5).
http://coachsci.sdsu.edu/swim/physiol/sperlich.htm.

5. Peltonen JE, Rantaméki J, Niittyméki SP, Sweins K, Viitasalo JT, Rusko HK.
Effects of oxygen fraction in inspired air on rowing performance. Med Sci Sports
Exerc. 1995;27(4):573-579. doi:10.1249/00005768-199504000-00016

6. Ulrich S, Hasler ED, Miller-Mottet S, et al. Mechanisms of Improved Exercise
Performance under Hyperoxia. Respiration. 2017;93(2):90-98.
doi:10.1159/000453620

7. Sperlich B, Zinner C, Krueger M, Wegrzyk J, Mester J, Holmberg HC. Ergogenic
effect of hyperoxic recovery in elite swimmers performing high-intensity intervals.
Scand J Med Sci Sport. 2011;21(6):421-429. doi:10.1111/j.1600-
0838.2011.01349.x

8. Murray K, Sommerville A, McKenna M, Edgar G, Murray A. Normobaric

Hyperoxia training in elite female hockey players. J Sports Med Phys Fitness.



Page 217 of 254

10.

11.

12.

13.

14.

15.

16.

2016;(December 2015):1-19. http://www.ncbi.nIm.nih.gov/pubmed/26506152.
Buchheit M, Laursen PB. High-Intensity Interval Training , Solutions to the
Programming Puzzle Part 11 : Anaerobic Energy , Neuromuscular Load and Practical
Applications. Sport Med. 2013;43(1):927-954. doi:10.1007/s40279-013-0066-5
Billat LV. Interval Training for Performance : A Scientific and Empirical Practice
Special Recommendations for Middle- and Long-Distance Running . Part | : Aerobic
Interval Training. Sport Med. 2001;31(1):13-31.

Midgley AW, Mcnaughton LR, Wilkinson M. Is there an Optimal Training Intensity
for Enhancing the Maximal Oxygen Uptake of Distance Runners ? Physiological
Rationale and Practical Recommendations. Sport Med. 2006;36(2):117-132.
Laursen PB, Jenkins DG. The Scientific Basis for High-Intensity Interval Training
Optimising Training Programmes and Maximising Performance in Highly Trained
Endurance Athletes. Sport Med. 2002;32(1):53-73.

Buchheit M, Laursen PB. High-Intensity Interval Training , Solutions to the
Programming Puzzle Part |1: Cardiopulmonary Emphasis. Sport Med.
2013;43(1):313-338. doi:10.1007/s40279-013-0029-x

Jones B, Hamilton DK, Cooper CE. Muscle oxygen changes following sprint
interval cycling training in elite field hockey players. PLoS One. 2015;10(3).
doi:10.1371/journal.pone.0120338

Lunt H, Draper N, Marshall HC, et al. High intensity interval training in a real world
setting: A randomized controlled feasibility study in overweight inactive adults,
measuring change in maximal oxygen uptake. PLoS One. 2014;9(1):1-11.
doi:10.1371/journal.pone.0083256

Soeria Santoso DI, Boenyamin HA. The benefits and physiological changes of high

intensity interval training. Universa Med. 2019;38(3):209.



Page 218 of 254

17.

18.

19.

20.

21.

22.

23.

24,

d0i:10.18051/univmed.2019.v38.209-216

Delextrat A, Gruet M, Bieuzen F. Effects of small-sided games and high-intensity
interval training on aerobic and repeated sprint performance and peripheral muscle
oxygenation changes in elite junior basketball players. J Strength Cond Res.
2018;44(0):1. doi:10.1519/JSC.0000000000002570

Burgomaster KA, Hughes SC, Heigenhauser GJF, et al. Six sessions of sprint
interval training increases muscle oxidative potential and cycle endurance capacity
in humans. J Appl Physiol. 2005;98(6):1985-1990.
doi:10.1152/japplphysiol.01095.2004.

Koral J, Oranchuk D, Herrera R, Millet G. Six Sessions of Sprint Interval Training
Improves Running Performance in Trained Athletes. J Strength Cond Res.
2018;32(3):617-623.

Gist NH, Fedewa M V., Dishman RK, Cureton KJ. Sprint interval training effects
on aerobic capacity: A systematic review and meta-analysis. Sport Med.
2014,44(2):269-279. doi:10.1007/s40279-013-0115-0

Buchheit M, Kuitunen S, Voss S., Williams B., Mendez-Villanueva A, Bourdon P.
Physiological strain associated with high-intensity hypoxic intervals in highly
trained young runners. J Strength Cond Res. 2012;26(1):94-105.

Vuorimaa T, Vasankari T, Rusko H. Comparison of Physiological Strain and
Muscular Performance of Athletes During Two Intermittent Running Exercises CO2
max at the Velocity Associated with V. Int J Sports Med. 1999;21:96-101.

Gastin PB. Energy System Interaction and Relative Contribution During Maximal
Exercise. Sport Med. 2001;31(10):725-741.

Christopher R Perry JG, Talanian JL, F Heigenhauser GJ, R Perry CG, Spriet LL.

performance skeletal muscle enzyme activities and exercise The effects of training



Page 219 of 254

25.

26.

27.

28.

29.

30.

31.

32.

33.

in hyperoxia vs. normoxia on The effects of training in hyperoxia vs. normoxia on
skeletal muscle enzyme activities and exercise performance. J Appl Physiol.
2013;102:1022-1027. doi:10.1152/japplphysiol.01215.2006

Edwards RH. Human muscle function and fatigue. Ciba Found Symp. 1981;82:1-
18.

Bigland-Ritchie B, Woods JJ. Changes in muscle contractile properties and neural
control during human muscular fatigue. Muscle Nerve. 1984;7(9):691-699.
doi:10.1002/mus.880070902

Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular mechanisms.
Physiol Rev. 2008;88(1):287-332. doi:10.1152/physrev.00015.2007.

Gandevia SC. Spinal and Supraspinal Factors in Human Muscle Fatigue. Physiol
Rev. 2001;81(4):1725-1789. doi:10.1152/physrev.2001.81.4.1725

Newsholme EA, Acworth |, Blomstrand E. Amino acids, brain neurotransmitters
and a functional link between muscle and brain that is important in sustained
exercise. Adv Myochem. 1987:127-133. doi:10.1113/jphysiol.2007.129700

Curzon G, Friedel J, Knott PJ. The Effect of Fatty Acids on the Binding of
Tryptophan to Plasma Protein. Nature. 1973;242:198.
http://dx.doi.org/10.1038/242198a0.

Shield A, Zhou S. Activation with the Twitch Interpolation Technique. Sport Med.
2004;34(4):253-267. http://www.ncbi.nlm.nih.gov/pubmed/15049717.

Herbert RD, Gandevia SC. Twitch Interpolation in Human Muscles : Mechanisms
and Implications for Measurement of VVoluntary Activation Twitch Interpolation in
Human Muscles: Mechanisms and Implications for Measurement of Voluntary
Activation. J Physiol. 1999;82:2271-2283. doi:10.1152/jn.1999.82.5.2271

Vollestad NK. Measurement of human muscle fatigue. J Neurosci Methods.



Page 220 of 254

34.

35.

36.

37.

38.

39.

40.

41.

42.

1997;74(2):219-227. doi:10.1016/S0165-0270(97)02251-6

Gandevia SC, Allen GM, McKenzie DK. Central Fatigue: Critical Issues ,
Quantification and Practical Implications. Adv Exp Med Biol. 1995;384(1926):281-
294. doi:10.1007/978-1-4899-1016-5_22

Nybo L, Rasmussen P. Inadequate Cerebral Oxygen Delivery and Central Fatigue
during Strenuous Exercise. Exerc Sport Sci Rev. 2007;35(3):110-118.

Noakes TD, Gibson ASC, Lambert E V. From catastrophe to complexity:a novel
model of integrative central neural regulation of effort and fatigue during exercise
in ~ humans.  BritishJournal ~ Sport Med  April.  2004;38:511-514.
doi:10.1136/bjsm.2003.010330

Noakes TD, Peltonen JE, Rusko HK. Evidence that central governor regulates
exercise performance during acute hypoxia and hyperoxia. J Exp Biol.
2001;204(1):3225-3234. doi:10.1111/j.1600-0838.2010.01280.x

Dahlstedt AJ, Katz A, Westerblad H. Role of myoplasmic phosphate in contractile
function of skeletal muscle: Studies on creatine kinase-deficient mice. J Physiol.
2001;533(2):379-388. d0i:10.1111/j.1469-7793.2001.0379a.x

Stackhouse SK, Reisman DS, Binder-Macleod SA. Challenging the Role of pH in
Skeletal Muscle Fatigue. Phys Ther. 2001;81(12):1897-1903.
doi:https://doi.org/10.1093/ptj/81.12.1897

Hall ZW, Sanes JR. Synaptic structure and development: The neuromuscular
junction. Cell. 1993;72(1001):99-121. doi:10.1016/S0092-8674(05)80031-5
Huxley = AF.  Muscular  contraction. J  Physiol.  1974;243(8):1-43.
doi:10.1113/jphysiol.1974.sp010740

Casella C. Tensile Force in Total Striated Muscle, Isolated Fibre and Sarcolemma.

Acta Physiol Scand. 1950;21(4):380-401. doi:10.1111/].1748-1716.1950.tb00744.x



Page 221 of 254

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

Robets D, Smith D. Biochemical Aspects of Peripheral Muscle Fatigue. Sport Med.
1989;7:125-138.

Bergstrom J, Harris RC, Hultman E, Nordesjo LO. Energy Rich Phosphagens in
Dynamic and Static Work. Vol 11.; 1971. doi:10.1007/978-1-4613-4609-8_30
Hermansen L. Effect of metabolic changes on force generation in skeletal muscle
during maximal exercise. Ciba Found Symp. 1981;82:75-88.

Karlsson J. Lactate and Phosphagen Concentrations in Working Muscle of Man with
Special Reference to Oxygen Deficit at the Onset of Work. tr.; 1971.
https://books.google.co.uk/books?id=8Cv3cQAACAAJ.

Millar NC, Homsher EE. The Effect of Phosphate and Calcium on Force Generation
Glycerinated Rabbit Skeletal Muscle Fibers. J Biol Chem. 1990;265(33):20234-
20240.

McLester JR. Muscle contraction and fatigue. The role of adenosine 5’-diphosphate
and inorganic phosphate. Sports Med. 1997;23(5):287-305. doi:10.2165/00007256-
199723050-00003

Leeder J, Gissane C, Van Someren K, et al. Cold water immersion and recovery
from strenuous exercise: A meta-analysis. Br J Sports Med. 2012;46(4):233-240.
doi:10.1136/bjsports-2011-090061

Poppendieck W, Wegmann M, Ferrauti A. Massage and Performance Recovery : A
Meta-Analytical Review. Sport Med. 2016;46(2):183-204. doi:10.1007/s40279-
015-0420-x

Brown F, Gissane C, Howatson G, van Someren KA, Pedlar C, Hill J. Compression
Garments and Recovery from Exercise: A Meta-Analysis. Sport Med.
2017;47(11):2245-2267.

Glaister M. Multiple sprint work: Physiological responses, mechanisms of fatigue



Page 222 of 254

53.

54,

55.

56.

S7.

58.

59.

60.

and the influence of aerobic fitness. Sport Med. 2005;35(9):757-777.
doi:10.2165/00007256-200535090-00003

Tibbles PM, Edelsberg JS. Hyperbaric Oxygen therapy. N Engl J Med.
1996;26(3):1642-1648. doi:10.1111/j.1467-9515.1992.tb00383.x

Maeda T, Yasukouchi A. Blood lactate disappearance during breathing hyperoxic
gas after exercise in two different physical fitness groups--on the workload fixed at
130% AT. J Physiol Anthropol. 1998;17(2):33-40. doi:10.2114/jpa.17.33
Lambertson C., Kough RH, Cooper DY, Schmidt CF, Loeschcke H. Oxygen
toxicity. Effects in Man of oxygen Inhalation at 1 and 3.5 athmospheres upon blood
gas transport, cerebral circulation and cerebral metabolism. J Appl Physiol.
1953;5(9).

Dean JB, Mulkey DK, Henderson R a, Potter SJ, Putnam RW. Hyperoxia, reactive
oxygen species, and hyperventilation: oxygen sensitivity of brain stem neurons. J
Appl Physiol. 2004;96(2):784-791. doi:10.1152/japplphysiol.00892.2003

Kough RH, Gould R, Ewing JH, Lambertsen CJ, Stroud MW. Oxygen Toxicity.
Arterial and Internal Jugular Blood Gas Composition in Man During Inhalation of
air, 100% 02 and 2% CO2 in 02 at 3.5 athmospheres ambient pressure. J Appl
Physiol. 1955;8(3):255-263.

Gerstner B, Sifringer M, Dzietko M, et al. Estradiol attenuates hyperoxia-induced
cell death in the developing white matter. Ann Neurol. 2007;61(6):562-573.
doi:10.1002/ana.21118

Mach WJ, Thimmesch AR, Pierce JT, Pierce JD. Consequences of Hyperoxia and
the Toxicity of Oxygen in the Lung. Nurs Res Pract. 2011;2011:1-7.
doi:10.1155/2011/260482

Parinandi NL, Kleinberg MA, Usatyuk P V, et al. Hyperoxia-induced NAD(P)H



Page 223 of 254

61.

62.

63.

64.

65.

66.

67.

68.

oxidase activation and regulation by MAP kinases in human lung endothelial cells.
Am J  Physiol Lung Cell Mol Physiol. 2003;284(1):L26-38.
doi:10.1152/ajplung.00123.2002

Wilber RL, Holm PL, Morris DM, et al. Effect of FiO2 on oxidative stress during
interval training at moderate altitude. Med Sci Sports Exerc. 2004;36(11):1888-
1894. doi:10.1249/01.MSS.0000145442.25016.DD

White J, Dawson B, Landers G, Croft K, Peeling P. Effect of supplemental oxygen
on post-exercise inflammatory response and oxidative stress. Eur J Appl Physiol.
2013;113(4):1059-1067. doi:10.1007/s00421-012-2521-7

Bakker A, Smith B, Ainslie P, Smith K. Near-Infrared Spectroscopy. In: Applied
Aspects of Ultrasonography in Humans. ; 2012. doi:10.5772/32493

Jobsis F. Noninvasive, infrared monitoring of cerebral and myocardial oxygen
sufficiency and circulatory parameters. Science (80- ). 1977;198(4323):1264-1267.
doi:10.1126/science.929199

Elwell C. A Practical Users Guide to Near Infrared Spectroscopy. Hamamatsu
Photonics KK London, UK. 1995. http://discovery.ucl.ac.uk/44584/. Accessed May
9, 2018.

Piantadosi CA, Hemstreet BS, Jobsis-Vandervliet. near infrared spectrophotometric
monitoring of oxygen distribution to intact brain and skeletal muscle tissues.pdf.
Crit Care Med. 1986;14(8):698-706.

Hampson NB, Piantadosi C a. Near infrared monitoring of human skeletal muscle
oxygenation during forearm ischemia. J Appl Physiol. 1988;64:2449-2457.

Billaut F, Smith KJ. Prolonged repeated-sprint ability is related to arterial O2
desaturation and attenuated neuromuscular activity in man. Int J Sports Physiol

Perform. 2010;5:197-209.



Page 224 of 254

69.

70.

71.

72.

73.

74.

75.

http://www.sciencemag.org/cgi/doi/10.1126/science.929199.

Niemeijer VM, Jansen JP, Van Dijk T, et al. The influence of adipose tissue on
spatially resolved near-infrared spectroscopy derived skeletal muscle oxygenation:
The extent of the problem. Physiol Meas. 2017;38(3):539-554. doi:10.1088/1361-
6579/aabdd5

Burgomaster KA, Howarth KR, Phillips SM, et al. Similar metabolic adaptations
during exercise after low volume sprint interval and traditional endurance training
in humans. J Physiol. 2008;586(1):151-160. doi:10.1113/jphysiol.2007.142109
Gibala MJ, Little JP, van Essen M, et al. Short-term sprint interval versus traditional
endurance training: Similar initial adaptations in human skeletal muscle and exercise
performance. J Physiol. 2006;575(3):901-911. doi:10.1113/jphysiol.2006.112094
McCully KK, lotti S, Kendrick K, et al. Simultaneous in vivo measurements of
HbO2 saturation and PCr Kinetics after exercise in normal humans. J Appl Physiol.
1994;77(1):5-10. doi:10.1152/jappl.1994.77.1.5

Fielding A, Kevin K, Elding RAF. Relationships between in vivo and in vitro
measurements of metabolism in young and old human calf muscles. J Appl Physiol.
1993;72(2):813-819.

Jones S, D’Silva A, Bhuva A, et al. Improved exercise-related skeletal muscle
oxygen consumption following uptake of endurance training measured using near-
infrared spectroscopy. Front Physiol. 2017;8(DEC):1-8.
doi:10.3389/fphys.2017.01018

Southern WM, Ryan TE, Reynolds MA, McCully K. Reproducibility of near-
infrared spectroscopy measurements of oxidative function and postexercise recovery
kinetics in the medial gastrocnemius muscle. Appl Physiol Nutr Metab.

2014,39(5):521-529. doi:10.1139/apnm-2013-0347



Page 225 of 254

76.

77.

78.

79.

80.

81.

82.

83.

84.

Vanhatalo A, Fulford J, Dimenna FJ, Jones AM. Influence of hyperoxia on muscle
metabolic responses and the power-duration relationship during severe-intensity
exercise in humans: A 31P magnetic resonance spectroscopy study. Exp Physiol.
2010;95(4):528-540. doi:10.1113/expphysiol.2009.050500

Jones B, Parry D, Cooper CE. Underwater near-infrared spectroscopy can measure
training adaptations in adolescent swimmers. PeerJ. 2018;6:e4393.
doi:10.7717/peerj.4393

Hyperoxia and human performance a brief review.

Goodall S, Gonzélez-Alonso J, Ali L, et al. Supraspinal fatigue after normoxic and
hypoxic exercise in humans. J Physiol. 2012;590(Pt 11):2767-2782.
doi:10.1113/jphysiol.2012.228890

Dunn J-O0C, Mythen MG, Grocott MP. Physiology of oxygen transport. Br J
Anaesth. 2016;16(10):341-348. doi:10.1093/bjaed/mkw012

Amann M, Eldridge MW, Lovering AT, Stickland MK, Pegelow DF, Dempsey JA.
Arterial oxygenation influences central motor output and exercise performance via
effects on peripheral locomotor muscle fatigue in humans. J Physiol.
2006;575(3):937-952. doi:10.1113/jphysiol.2006.113936

Ferguson SA, Allread WG, Le P, Rose J, Marras WS. Shoulder muscle fatigue
during repetitive tasks as measured by electromyography and near-infrared
spectroscopy. Hum Factors. 2013;55(6):1077-1087.
doi:10.1177/0018720813482328

Balsom PD, Gaitanos GC, Ekblom B. Reduced oxygen availability during high
intensity intermittent exercise impairs performance. Acta Physiol Scand.
1994,;152:279-285.

Bartels H, Dejours P, Kellogg RH, Mead J. International commission of WPS for



Page 226 of 254

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

respiration physiology. Glossary on respiration and gas exchange. J Appl Physiol.
1973;32(1):549-558.

Bauerle O, Chrusch CA, Younes M. Mechanisms by which COPD affects exercise
tolerance. Am J Respir Crit Care Med. 1998;157(1):57-68.
doi:10.1164/ajrccm.157.1.9609126

McArdle WD, Katch FI, Katch VL. Exercise Physiology: Nutrition, Energy, and
Human Performance. 7th ed. Lippincott Williams & Wilkins; 2010.

Stainsby W., Otis A. Blood flow , blood oxygen tension , oxygen uptake , and
oxygen transport in skeletal muscle >. Am J Physiol. 1964;206(4):858-866.

Riggs AF. The bohr effect. Annu Rev Physiol. 1988;50(1):181-204.

Wittenberg B., Wittenberg J. Role of Myoglobin Muscle in the Oxygen Supply to
Red Skeletal. J Biol Chem. 1975;250(23):9038-9043.

Mole PA, Chung Y, Tran TK, et al. Myoglobin desaturation with exercise intensity
in human gastrocnemius muscle. Am J Physiol. 1999;277(46):173-180.

Ordway GA, Garry DJ. Commentary Myoglobin: an essential hemoprotein in
striated muscle. J Exp Biol. 2004;1(1):3441-3446. doi:10.1242/jeb.01172

Weibel ER. The Pathway for Oxygen: Structure and Function in the Mammalian
Respiratory System. 1st ed. Harvard University Press; 1984.

Mendez-Villanueva A, Edge J, Suriano R, Hamer P, Bishop D. The Recovery of
Repeated-Sprint Exercise Is Associated with PCr Resynthesis, while Muscle pH and
EMG Amplitude Remain Depressed. PL0oS One. 2012;7(12):4-13.
doi:10.1371/journal.pone.0051977

Bangsbo J, Krustrup P, Gonzalez-Alonso J, Saltin B. ATP production and efficiency
of human skeletal muscle during intense exercise: effect of previous exercise. Am J

Physiol Endocrinol Metab. 2001;280(6):E956-E964.



Page 227 of 254

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Parolin ML, Chesley A, Matsos MP, Spriet LL, Norman L, Heigenhauser GJF.
Regulation of skeletal muscle glycogen phosphorylase and PDH during maximal
intermittent exercise. Am J Physiol. 1999;277(40):890-900.

Putman CT, Jones NL, Lands LC, Bragg TM, Hollidge-Horvat MG, Heigenhauser
GJ. Skeletal muscle pyruvate dehydrogenase activity during maximal exercise in
humans. Am J Physiol. 1995;269(0002-9513 SB-IM):E458-E468.

Bogdanis GC, Nevill ME, Boobis LH, Lakomy HK. Contribution of
phosphocreatine and aerobic metabolism to energy supply during repeated sprint
exercise. J Appl Physiol. 1996;80(3):876-884. doi:10.1152/jappl.1996.80.3.876
Wagner PD. Gas exchange and peripheral diffusion limitation. Med Sci Sports
Exerc. 1992;24:54-58.

Haseler LJ, Hogan MC, Richardson RS. Skeletal muscle phosphocreatine recovery
in humans is dependent on O2 availabilty. Med Sci Sport Exerc.
1999;31(Supplement):2013-2018. doi:10.1097/00005768-199905001-01364

lii MH, Sharma D, Santiago W, Mcculloch N. Hyperbaric Oxygen Therapy : Side
Effects Defined and Quantified. Adv Wound Care. 2017;6(6):210-224.
doi:10.1089/wound.2016.0718

Bird AD, Telfer ABM. Effect Of Hyperbaric Oxygen On Limb Circulation. Lancet.
1965;285(7381):355-356. doi:https://doi.org/10.1016/S0140-6736(65)91783-6
Boerema I, Mayne NG, Brummelkamp WK. Life Without Blood. A study on the
influence of high atmospheric pressure and hypothermia on dilation of the blood. J
Cardiovasc Surg (Torino). 1959;1:133-146.

Sukoff MH, Ragatz RE. Hyperbaric oxygenation for the treatment of acute cerebral
edema. Neurosurgery. 1982;10(1):29-38.

Nylander G, Lewis D, Nordstrom H, Larsson J. Reduction of postischemic edema



Page 228 of 254

105.

106.

107.

108.

109.

110.

111.

with hyperbaric oxygen. Plast Reconstr Surg. 1985;76(4):596-603.

Richardson RS, Leigh JS, Wagner PD, et al. Cellular as a determinant of maximal
mitochondrial O2 consumption in trained human skeletal muscle for basal metabolic
rate or aerobic capacity Cellular PO2 as a determinant of maximal mitochondrial O2
consumption in trained human skeletal muscle. J Appl Physiol. 1999;87(1):325-331.
doi:10.1152/jappl.1999.87.1.325

Welch HG, Bonde-petersen F, Graham T, Klausen K, Secher N. Effects of hyperoxia
on leg blood flow and metabolism during exercise. J Appl Physiol. 1977;42:385-
390.

Pedersen PK, Kiens B, Saltin B. Hyperoxia does not increase peak muscle oxygen
uptake in small muscle group exercise. Acta Physiol Scand. 1999;166(4):309-318.
doi:10.1046/j.1365-201x.1999.00575.x

Oussaidene K, Prieur F, Bougault V, Borel B, Matran R, Mucci P. Cerebral
oxygenation during hyperoxia-induced increase in exercise tolerance for untrained
men. Eur J Appl Physiol. 2013;113(8):2047-2056. do0i:10.1007/s00421-013-2637-4
Perry CGR, Talanian JL, Heigenhauser GJF, Spriet LL. The effects of training in
hyperoxia vs. normoxia on skeletal muscle enzyme activities and exercise
performance. J Appl Physiol. 2006;102(3):1022-1027.
doi:10.1152/japplphysiol.01215.2006

Ekblom B, Huot R, Stein M., Thorstensson T. Effect of changes in arterial on
circulation and physical oxygen content performance. J Appl Physiol. 1975;39(1).
Layec G, Bringard A, Le Fur Y, et al. Opposite effects of hyperoxia on
mitochondrial and contractile efficiency in human quadriceps muscles. Am J Physiol
- Regul Integr Comp Physiol. 2015;308(8):R724-R733.

doi:10.1152/ajpregu.00461.2014



Page 229 of 254

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Plet J, Pedersen PK, Jensen FB, Hansen JK. Increased working capacity with
hyperoxia in humans. Eur J Appl Physiol Occup Physiol. 1992;65(2):171-177.
doi:10.1007/BF00705076

Hogan MC, Cox R., Welch H. Lactate accumulation during incremental with varied
inspired oxygen fractions exercise. J Appl Physiol. 1983;55(4):1134-1140.
Linossier, Dormois D, Arsac, et al. Effect of hyperoxia on aerobic and anaerobic
performances and muscle metabolism during maximal cycling exercise. Acta
Physiol Scand. 2000;168(3):403-411. doi:10.1046/j.1365-201X.2000.00648.x
Hollmann, W., Strider, H. K., Diehl, J., & Tagarakis C. Sportmedizin — Grundlagen
Far Korperliche Aktivitat, Training Und Praventivmedizin. 5th ed. Stuttgart:
Schattauer; 2009.

Wilson GD, Welch HG, Wilson DG, Wilson GD, Welch HG, Wilson DG. Effects
of hyperoxic gas mixtures on exercise tolerance in man. Med Sci Sport.
1974;7(1):46-52.

Thein LA, Thein JM, Landry GL. Ergogenic aids. Phys Ther. 1995;75(5):426-4309.
doi:10.1093/ptj/75.5.426

Linnarsson D, Karlsson J, Fagraeus L, Saltin B. Muscle metabolites with exercise
and oxygen deficit and hyperoxia. J Appl Physiol. 1974;36(4):399-402.

Volianitis S, Fabricius-Bjerre A, Overgaard A, et al. The cerebral metabolic ratio is
not affected by oxygen availability during maximal exercise in humans. J Physiol.
2008;586(1):107-112. doi:10.1113/jphysiol.2007.142273

Grataloup O, Prieur F, Busso T, et al. Effect of hyperoxia on maximal O2uptake in
exercise-induced arterial hypoxaemic subjects. Eur J Appl Physiol. 2005;94(5-
6):641-645. doi:10.1007/s00421-005-1361-0

Sperlich B, Schiffer T, Achtzehn S, Mester J, Holmberg HC. Pre-exposure to



Page 230 of 254

122.

123.

124,

125.

126.

127.

128.

129.

hyperoxic air does not enhance power output during subsequent sprint cycling. Eur
J Appl Physiol. 2010;110(2):301-305. doi:10.1007/s00421-010-1507-6

Sperlich B, Calbet JALL, Boushel R, Holmberg H-CC. Is the use of hyperoxia in
sports effective, safe and ethical? Scand J Med Sci Sport. 2016;26(11):1-5.
d0i:10.1111/sms.12746

Cardinale DA, Ekblom B. Hyperoxia for performance and training. J Sports Sci.
2017;36(13):1515-1522. doi:10.1080/02640414.2017.1398893

Macdonald M, Pedersen PK, Hughson RL. Acceleration of VO2 kinetics in heavy
submaximal exercise by hyperoxia and prior high-intensity exercise. J Appl Physiol.
1997;83(4):1318-1325. doi:10.1152/jappl.1997.83.4.1318

Kilding AE, Wood M, Sequira G, Bonetti DL. Effect of hyperoxic-supplemented
interval training on endurance performance in trained cyclists. Int J Sports Med.
2012;33(5):359-363. doi:10.1055/5-0031-1297999

Kay B, Stannard SR, Morton RH. Hyperoxia during recovery improves peak power
during repeated wingate cycle performance. Brazilian J Biomotricity. 2008;2(2):92-
100.

Nielsen HB, Boushel R, Madsen P, Secher NH. Cerebral desaturation during
exercise reversed by O2 supplementation. Am J Physiol. 1999;277(3 Pt 2):1045-
1052.

Tucker R, Kayser B, Rae E, Rauch L, Bosch A, Noakes T. Hyperoxia improves 20
km cycling time trial performance by increasing muscle activation levels while
perceived exertion stays the same. Eur J Appl Physiol. 2007;101(6):771-781.
doi:10.1007/s00421-007-0458-z

Mateika JH, Duffin J. The ventilation, lactate and electromyographic thresholds

during incremental exercise tests in normoxia, hypoxia and hyperoxia. Eur J Appl



Page 231 of 254

130.

131.

132.

133.

134.

135.

136.

137.

138.

Physiol Occup Physiol. 1994;69(2):110-118. doi:10.1007/BF00609402

Wilkerson DP, Berger NJA, Jones AM. Influence of hyperoxia on pulmonary O2
uptake kinetics following the onset of exercise in humans. Respir Physiol Neurobiol.
2006;153(1):92-106. doi:10.1016/j.resp.2005.09.006

Garner RP, Powers SK, Church G. Effects of hypoxia and hyperoxia on ventilatory
kinetics during recovery from exercise. Aviat Space Environ Med. 1986;57(12 Pt
1):1165-1169.

Robbins MK, Gleeson K, Zwillich CW. Effect of oxygen breathing following
submaximal and maximal exercise on recovery and performance. Med Sci Sport
Exerc. 1992;24(6):720-725.

Winter Jr. FD, Snell PG, Stray-Gundersen J. Effects of 100% oxygen on
performance of professional soccer players. J Am Med Assoc. 1989;262(2):227-229.
Nummela A, Hamaldinen I, Rusko H. Effect of hyperoxia on metabolic responses
and recovery in intermittent exercise. Scand J Med Sci Sport. 2002;12(5):309-315.
doi:10.1034/j.1600-0838.2002.10157.x

Peeling P, Andersson R. Effect of hyperoxia during the rest periods of interval
training on perceptual recovery and oxygen re-saturation time. J Sports Sci.
2011;29(2):147-150. doi:10.1080/02640414.2010.526133

Hauser A, Zinner C, Born DP, Wehrlin JP, Sperlich B. Does hyperoxic recovery
during cross-country skiing team sprints enhance performance? Med Sci Sports
Exerc. 2014;46(4):787-794. doi:10.1249/MSS.0000000000000157

Perry CGR, Reid J, Perry W, Wilson BA. Effects of hyperoxic training on
performance and cardiorespiratory response to exercise. Med Sci Sports Exerc.
2005;37(7):1175-1179. doi:10.1249/01.mss.0000169610.33318.54

Morris DM, Kearney JT, Burke ER. The effects of breathing supplemental oxygen



Page 232 of 254

139.

140.

141.

142.

143.

144,

145.

146.

during altitude training on cycling performance. J Sci Med Sport. 2000;3:165-175.
doi:10.1016/S1440-2440(00)80078-X

Ploulz-Snyder LL, Simoneau JA, Gilders RM, Staron RS, Hagerman FC.
Cardiorespiratory and metabolic adaptations to hyperoxic training. Eur J Appl
Physiol Occup Physiol. 1996;73(1-2):38-48. doi:10.1007/BF00262807

Cardinale DA, Larsen FJ, Lannerstrom J, et al. Influence of Hyperoxic-
Supplemented High-Intensity Interval Training on Hemotological and Muscle
Mitochondrial Adaptations in Trained Cyclists. Front Physiol. 2019;10(June):1-12.
doi:10.3389/fphys.2019.00730

Przyklenk A, Aussieker T, Gutmann B, et al. Effects of Endurance Exercise Bouts
in Hypoxia, Hyperoxia, and Normoxia on mTOR-Related Protein Signaling in
Human  Skeletal Muscle. J Strength Cond Res. 2018;0(0):1-9.
doi:10.1519/jsc.0000000000002753

Hopker JG, Jobson SA, Passfield L. Validity and Reliability of the Wattbike Cycle
Ergometer. Int J Sports Med. 2010;31(OCTOBER):731-736. doi:10.1055/s-0030-
1261968

Wainwright B, Cooke CB, O’Hara JP. The validity and reliability of a sample of 10
Wattbike cycle ergometers. J Sports Sci. 2017;35(14):1451-1458.
doi:10.1080/02640414.2016.1215495

Borg G. Psycholphysical bases of percieved exertion. Med Sci Sport Exerc.
1982;14(5):377-381.

Kraemer WJ, Nobel B, Clark MJ, Culver B. Responses to Heavy-Resistance
Exercise with Very Short Rest Periods. Int J Sports Med. 1987;8(4):247-252.
Coutts AJ, Rampinini E, Marcora SM, Castagna C, Impellizzeri FM. Heart rate and

blood lactate correlates of perceived exertion during small-sided soccer games.



Page 233 of 254

147.

148.

149.

150.

151.

152.

153.

154.

2009. doi:10.1016/j.jsams.2007.08.005

Ruiter CJ De, Boer MD De, Spanjaard M, Haan A De. Knee angle-dependent
oxygen consumption during isometric contractions of the knee extensors determined
with  near-infrared spectroscopy. J Appl Physiol. 2005;99(1):579-586.
doi:10.1152/japplphysiol.01420.2004.

Matcher SJ, Kirkpatrick P, Nahid K, Cope M, Delpy DT. Absolute quanitification
methods in tissue near infrared spectroscopy. SPIE. 1995;2389.

Everdell NL, Airantzis D, Kolvya C, Suzuki T, Elwell CE. A portable wireless near-
infrared spatially resolved spectroscopy system for use on brain and muscle. Med
Eng Phys. 2013;35(11):1692-1697. doi:10.1016/j.medengphy.2013.04.011
Messere A, Roatta S. Influence of cutaneous and muscular circulation on spatially
resolved versus standard Beer-Lambert near-infrared spectroscopy. Physiol Rep.
2013;1(7):1-10. doi:10.1002/phy2.179

Jones B, Cooper CE. Use of NIRS to assess effect of training on peripheral muscle
oxygenation changes in elite rugby players performing repeated supramaximal
cycling tests. Adv Exp Med Biol. 2014;812:333-339. d0i:10.1007/978-1-4939-0620-
8_44

McManus CJ, Collison J, Cooper CE. Performance comparison of the MOXY and
PortaMon near-infrared spectroscopy muscle oximeters at rest and during exercise.
J Biomed Opt. 2018;23(01):1. doi:10.1117/1.JB0.23.1.015007

Rodriguez RF, Townsend NE, Aughey RJ, Billaut F. Influence of averaging method
on muscle deoxygenation interpretation during repeated-sprint exercise. Scand J
Med Sci Sports. 2018;1(June):1-9. d0i:10.1111/sms.13238

IBM Corporation. IBM SPSS Statistics 22 Algorithms. lbm. 2014:1151.

http://library.uvm.edu/services/statistics/SPSS22Manuals/IBM  SPSS  Statistics



Page 234 of 254

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Algorithms.pdf.

IBM Corporation. IBM SPSS Statistics 24 Documentation. 2016:27.
ftp://public.dhe.ibm.com/software/analytics/spss/documentation/statistics/24.0/en/c
lient/Manuals/IBM_SPSS_Missing_Values.pdf.

IBM Corporation. GPL Reference Guide for IBM SPSS Statistics. 2011.
Corporation I. IBM SPSS Advanced Statistics 21. 1989. http://www.ibm.com/spss.
David, Sergio M. A fast clustering algorithm merging the expectation maximization
algorithm and Markov Chain Monte Carlo. 2015;(May).

Molenberghs G, Geert V. Multiple Imputation and the Expectation-Maximization
Algorithm 28.1. In: Models for Discrete Longitudinal Data. ; 1997:511-526.
World Anti Doping Agency. World Anti Doping Agency. World Anti-Doping Code
2010. https://www.wada-ama.org/en/media/news/2009-09/wada-executive-
committee-approves-2010-prohibited-list. Published 2009.

Karpovich P V. The Effect of Oxygen Inhalation on Swimming Performance. Res
Quarterly Am Phys Educ Assoc. 1934;5(2):24-30.

Alberti KGMM. The biochemical consequences of hypoxia. J Clin Pathol.
1977;(S3-11):14-20. doi:10.1136/jcp.s3-11.1.14

Hogan MC, Richardson RS, Haseler LJ, et al. Human Muscle Performance and PCr
hydrolysis with varied Inspired Oxygen Fractions: A 31P-MRS Study. J Appl
Physiol. 1999;86(4):1367-1373. doi:10.1097/00005768-199805001-00395

Girard O, Mendez-Villanueva A, Bishop D. Repeated-sprint ability - part 1: factors
contributing to fatigue. Sport Med. 2011;41(8):673-694.

Gaitanos GC, Williams C, Boobis LH, Brooks S. Human muscle metabolism
maximal exercise. Blood. 1993;75(2):712-719.

http://www.ncbi.nlm.nih.gov/pubmed/8226473.



Page 235 of 254

166.

167.

168.

169.

170.

171.

172.

173.

Balsom PD, Ekblom B, Sjodin B. Enhanced oxygen availability during high
intensity intermittent exercise decreases anaerobic metabolite concentrations in
blood. Acta Physiol Scand. 1994;150(4):455-456. doi:10.1111/j.1748-
1716.1994.tb09711.x

Amann M. Central and peripheral fatigue: Interaction during cycling exercise in
humans. Med Sci Sports Exerc. 2011;43(11):2039-2045.
doi:10.1249/MSS.0b013e31821f59ab

Buchheit M, Abbiss CR, Peiffer JJ, Laursen PB. Performance and physiological
responses during a sprint interval training session: Relationships with muscle
oxygenation and pulmonary oxygen uptake Kkinetics. Eur J Appl Physiol.
2012;112(2):767-779. d0i:10.1007/s00421-011-2021-1

Porter MS, Fenton J, Reed KE. The effects of hyperoxia on repeated sprint cycling
performance &  muscle  fatigue. J Sci  Med  Sport.  2019.
doi:10.1016/j.jsams.2019.07.001

Cohen J. Statistical Power Analysis for the Behavioural Sciences. Vol 2. 2nd ed.
New York: Lawrence Erlbaum Associates; 1988.

Stellingwerff T, LeBlanc PJ, Hollidge MG, Heigenhauser GJF, Spriet LL.
Hyperoxia decreases muscle glycogenolysis, lactate production, and lactate efflux
during steady-state exercise. Am J Physiol Metab. 2006;290(6):E1180-E1190.
doi:10.1152/ajpendo.00499.2005

Thomas K, Goodall S, Stone M, Howatson G, Gibson ASC, Ansley L. Central and
peripheral fatigue in male cyclists after 4-, 20-, and 40-km time trials. Med Sci Sports
Exerc. 2014;47(3):537-546. doi:10.1249/MSS.0000000000000448

Girard O, Bishop DJ, Racinais S. Neuromuscular Adjustments of the Quadriceps

Muscle after Repeated Cycling Sprints. PLoS One. 2013;8(5).



Page 236 of 254

174.

175.

176.

177.

178.

179.

180.

181.

182.

doi:10.1371/journal.pone.0061793

Racinais S, Bishop D, Denis R, Lattier G, Mendez-Villaneuva A, Perrey S. Muscle
deoxygenation and neural drive to the muscle during repeated sprint cycling. Med
Sci Sports Exerc. 2007;39(2):268-274. doi:10.1249/01.mss.0000251775.46460.cb
Karvonen MJ, Kentala E, Mustala O. The effects of training on heart rate; a
longitudinal study. Ann Med Exp Biol Fenn. 1957;35(3):307-315.

Lounana J, Campion F, Noakes TD, Medelli J. Relationship between %HRmax,
%HR reserve, %V0O2max, and %VO2 reserve in elite cyclists. Med Sci Sports Exerc.
2007;39(2):350-357. doi:10.1249/01.mss.0000246996.63976.5f

Froyd C, Millet GY, Noakes TD. The development of peripheral fatigue and short-
term recovery during self-paced high-intensity exercise. J Physiol.
2013;591(5):1339-1346. doi:10.1113/jphysiol.2012.245316

Merton PA. Voluntary strength and fatigue. J Physiol. 1954;123(3):553-564.
doi:10.1113/jphysiol.1954.sp005070

Konings MJ, Parkinson J, Zijdewind I, Hettinga FJ. Racing an Opponent Alters
Pacing, Performance and Muscle Force Decline, But Not RPE. Int J Sports Physiol
Perform. 2017:1-24. doi:10.1123/ijspp.2017-0220

Juel C. Regulation of pH in human skeletal muscle: Adaptations to physical activity.
Acta Physiol. 2008;193(1):17-24. doi:10.1111/j.1748-1716.2008.01840.x
Wallimann T, Dolder M, Schlattner U, et al. Some new aspects of creatine kinase
(CK): compartmentation, structure, function and regulation for cellular and
mitochondrial bioenergetics and physiology. BioFactors. 1998;8(3-4):229-234.
doi:10.1002/biof.5520080310

Knight DR, Schaffartzik W, Poole DC, Hogan MC, Bebout DE, Wagner PD. Effects

of hyperoxia on maximal leg O2 supply and utilization in men. J Appl Physiol.



Page 237 of 254

183.

184.

185.

186.

187.

188.

189.

190.

1993;75(6):2586-2594.

Bishop DJ, Girard O, Mendez-Villanueva A. Repeated-sprint ability part II:
Recommendations ~ for  training. Sport  Med. 2011;41(9):741-756.
doi:10.2165/11590560-000000000-00000

McMahon S, Jenkins D. Factors affecting the rate of phosphocreatine resynthesis
following intense exercise. Sport Med. 2002;32(12):761-784.
doi:10.2165/00007256-200232120-00002

Gatterer H, Menz V, Salazar-Martinez E, et al. Exercise Performance, Muscle
Oxygen Extraction and Blood Cell Mitochondrial Respiration after Repeated-Sprint
and Sprint Interval Training in Hypoxia: A Pilot Study. J Sport Sci Med.
2018;17(March):339-347.

Prieur F, Mucci P. Effect of high-intensity interval training on the profile of muscle
deoxygenation heterogeneity during incremental exercise. Eur J Appl Physiol.
2013;113(1):249-257. doi:10.1007/s00421-012-2430-9

Ferrari M, Muthalib M, Quaresima V. The use of near-infrared spectroscopy in
understanding skeletal muscle physiology: Recent developments. Philos Trans R
Soc A Math Phys Eng Sci. 2011;369(1955):4577-4590. doi:10.1098/rsta.2011.0230
Boushel R, Piantadosi CA. Near-infrared spectroscopy for monitoring muscle
oxygenation. Acta Physiol Scand. 2000;168(4):615-622. doi:10.1046/j.1365-
201x.2000.00713.x

McCully KK, Kakihira H, Vandenborne K, Kent-Braun J. Noninvasive
measurements of activity-induced changes in muscle metabolism. J Biomech.
1991;24:153-161. doi:10.1016/0021-9290(91)90385-Z

Buchheit M, Ufland P. Effect of endurance training on performance and muscle

reoxygenation rate during repeated-sprint running. Eur J Appl Physiol.



Page 238 of 254

191.

192.

193.

194.

195.

196.

197.

198.

2011;111(2):293-301. doi:10.1007/s00421-010-1654-9

Perrey S, Ferrari M. Muscle Oximetry in Sports Science: A Systematic Review.
Sport Med. 2018;48(3):597-616. doi:10.1007/s40279-017-0820-1

Brisswalter J, Bieuzen F, Giacomoni M, Tricot V, Falgairette G. Morning-to-
evening differences in oxygen uptake kinetics in short-duration cycling exercise.
Chronobiol Int. 2007;24(3):495-506. doi:10.1080/07420520701420691

Ferrari M, Wolf M. Progress of near-infrared spectroscopy and topography for brain
and muscle clinical applications. J Biomed Opt. 2007;12(6):062104.
doi:10.1117/1.2804899

Jacobs RA, Fluck D, Bonne TC, 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. 2013;115(6):785-793.
doi:10.1152/japplphysiol.00445.2013

Mallette MM, Stewart DG, Cheung SS. The Effects of Hyperoxia on Sea-Level
Exercise Performance, Training, and Recovery: A Meta-Analysis. Sport Med.
2018;48(1):153-175. doi:10.1007/s40279-017-0791-2

El-Kotob R, Giangregorio LM. Pilot and feasibility studies in exercise, physical
activity, or rehabilitation research. Pilot Feasibility Stud. 2018;4(1):1-7.
doi:10.1186/s40814-018-0326-0

Eldridge SM, Lancaster GA, Campbell MJ, et al. Defining feasibility and pilot
studies in preparation for randomised controlled trials: Development of a conceptual
framework. PLoS One. 2016;11(3):1-22. doi:10.1371/journal.pone.0150205

Peake JM, Kerr G, Sullivan JP. A critical review of consumer wearables, mobile
applications, and equipment for providing biofeedback, monitoring stress, and sleep

in  physically active populations. Front Physiol. 2018;9(JUN):1-19.



Page 239 of 254

199.

200.

201.

202.

203.

204.

205.

206.

doi:10.3389/fphys.2018.00743

Przyklenk A, Gutmann B, Schiffer T, et al. Endurance Exercise in Hypoxia,
Hyperoxia and Normoxia: Mitochondrial and Global Adaptations. Int J Sports Med.
2017;38(08):588-596. d0i:10.1055/s-0043-106740

Milanovi¢ Z, Sporis G, Weston M. Effectiveness of High-Intensity Interval Training
(HIT) and Continuous Endurance Training for VO2max Improvements: A
Systematic Review and Meta-Analysis of Controlled Trials. Sport Med.
2015;45(10):1469-1481. doi:10.1007/s40279-015-0365-0

Vikmoen O, Ellefsen S, Trgen, et al. Strength training improves cycling
performance, fractional utilization of VO2max and cycling economy in female
cyclists. Scand J Med Sci Sport. 2016;26(4):384-396. doi:10.1111/sms.12468
Rennestad BR, Hansen EA, Raastad T. Effect of heavy strength training on thigh
muscle cross-sectional area, performance determinants, and performance in well-
trained cyclists. Eur J Appl Physiol. 2010;108(5):965-975. doi:10.1007/s00421-009-
1307-z

Bishop D. Warm up I: Potential mechanisms and the effects of passive warm up on
exercise performance. Sport Med. 2003;33(6):439-454. do0i:10.2165/00007256-
200333060-00005

Shaskey DJ, Green GA. Sports haematology. Sport Med. 2000;29(1):27-38.
doi:10.2165/00007256-200029010-00003

Ryan TE, Erickson ML, Brizendine JT, Young H, Mccully KK. Noninvasive
evaluation of skeletal muscle mitochondrial capacity with near-infrared
spectroscopy : correcting for blood volume changes. J Appl Physiol.
1985;113(1):175-183. doi:10.1152/japplphysiol.00319.2012

Wind J, Koelemay MJW. Exercise Therapy and the Additional Effect of Supervision



Page 240 of 254

207.

208.

2009.

210.

211.

212.

213.

214,

on Exercise Therapy in Patients with Intermittent Claudication. Systematic Review
of Randomised Controlled Trials. Eur J Vasc Endovasc Surg. 2007;34(1):1-9.
doi:10.1016/j.ejvs.2006.12.030

Lacroix A, Hortobagyi T, Beurskens R, Granacher U. Effects of Supervised vs.
Unsupervised Training Programs on Balance and Muscle Strength in Older Adults:
A Systematic Review and Meta-Analysis. Sport Med. 2017;47(11):2341-2361.
doi:10.1007/s40279-017-0747-6

Vemulapalli S, Dolor RJ, Hasselblad V, et al. Supervised vs unsupervised exercise
for intermittent claudication: A systematic review and meta-analysis. Am Heart J.
2015;169(6):924-937.e3. doi:10.1016/j.ahj.2015.03.009

James D. Wearable Teachnology in Sport, a Convergence of Trends. J Adv Sport
Technol. 1(1):1-4.

Cardinale M, Varley MC. Wearable Training-Monitoring Technology :
Applications , Challenges , and Opportunities. 2017:55-62.

Nagasawa T. Slower Recovery Rate Of Muscle Oxygenation After Sprint Exercise
In Long-Distance Runners Compared With That In Sprinters And Healthy Controls.
J Strength Cond Res. 2013;27(12):3360-3366.

Brizendine JT, Ryan TE, Larson RD, McCully KK. Skeletal muscle metabolism in
endurance athletes with near-infrared spectroscopy. Med Sci Sports Exerc.
2013;45(5):869-875. doi:10.1249/MSS.0b013e31827e0ebh6

Van Beekvelt MCP, Colier WNJM, Wevers RA, Van Engelen BGM. Performance
of near-infrared spectroscopy in measuring local O2 consumption and blood flow in
skeletal muscle. J Appl Physiol. 2001;90(2):511-5109.
doi:10.1152/jappl.2001.90.2.511

Ryan TE, Brizendine JT, McCully KK. A comparison of exercise type and intensity



Page 241 of 254

215.

216.

217.

218.

219.

220.

221.

on the noninvasive assessment of skeletal muscle mitochondrial function using near-
infrared spectroscopy. J Appl Physiol. 2013;114(2):230-237.
doi:10.1152/japplphysiol.01043.2012

Ryan TE, Southern WM, Brizendine JT, Mccully KK. Activity-induced changes in
skeletal muscle metabolism measured with optical spectroscopy. Med Sci Sport
Exerc. 2014;45(12):1-16. doi:10.1249/MSS.0b013e31829a726a.Activity-induced
Polley K, Jenkins N, O’Connor P, McCully K. Influence of Exercise Training With
Resveratrol Supplementation on Skeletal Muscle Mitochondrial Capacity. Appl
Physiol Nutr Metab. 2013;1(1).

Ryan TE, Erickson ML, Brizendine JT, Young HJ, McCully KK. Noninvasive
evaluation of skeletal muscle mitochondrial capacity with near-infrared
spectroscopy: Correcting for blood volume changes. J Appl Physiol.
2012;113(2):175-183. doi:10.1152/japplphysiol.00319.2012

Lundby C, Jacobs RA. Adaptations of skeletal muscle mitochondria to exercise
training. Exp Physiol. 2016;101(1):17-22. doi:10.1113/EP085319

Heinrich KM, Patel PM, O’Neal JL, Heinrich BS. High-intensity compared to
moderate-intensity training for exercise initiation, enjoyment, adherence, and
intentions:  An intervention study. BMC Public Health. 2014;14(1):1-6.
doi:10.1186/1471-2458-14-789

Mujika 1. Intense training: The key to optimal performance before and during the
taper. Scand J Med Sci Sport. 2010;20(SUPPL. 2):24-31. doi:10.1111/j.1600-
0838.2010.01189.x

Smit B, Smulders YM, van der Wouden JC, Oudemans-van Straaten HM, Spoelstra-
de Man AME. Hemodynamic effects of acute hyperoxia: Systematic review and

meta-analysis. Crit Care. 2018;22(1). doi:10.1186/s13054-018-1968-2



Page 242 of 254

222.

223.

224,

225.

226.

Yamaya Y, Bogaard HIHHJH, Wagner PDP, Niizeki K, Hopkins SRS. Validity of
pulse oximetry during maximal exercise in normoxia, hypoxia, and hyperoxia. J
Appl Physiol. 2002;92(1):162-168. doi:10.1152/japplphysiol.00409.2001

Pallavi LC, Souza UJD, Shivaprakash G. Assessment of musculoskeletal strength
and levels of fatigue during different phases of menstrual cycle in young adults. J
Clin Diagnostic Res. 2017;11(2):CC11-CC13. doi:10.7860/JCDR/2017/24316.9408
Janse De Jonge XAK. Effects of the menstrual cycle on exercise performance. Sport
Med. 2003;33(11):833-851. d0i:10.2165/00007256-200333110-00004

Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for systematic
reviews and meta-analyses: The PRISMA statement. PLoS Med. 2009;6(7).
doi:10.1371/journal.pmed.1000097

Moher D, Cook DJJ, Eastwood S, Olkin I, Rennie D, Stroup DFF. Improving the
quality of reports of meta-analyses of randomised controlled trials: the QUOROM
statement. Quality of Reporting of Meta-analyses. Lancet. 1999;354(9193):1896-

1900. doi:10.1016/S0140-6736(99)04149-5



Page 243 of 254

12 — Appendices

Additional information used throughout this thesis




Page 244 of 254

12.1 Outline of Literature Review

The literature review (chapter 2) provides a comprehensive overview of each aspect
of this thesis. The literature review will focus on O2Supp— commonly referred to as
hyperoxia, and its role within a high intensity interval training session, as well as the
mechanisms it effects (such as muscle oxygenation and muscular fatigue). The literature
review is followed by the detailed aim and hypotheses of the thesis.
A methods section is included as chapter 3. This section details many of the methods,

equipment and statistical considerations used repeatedly throughout the thesis.

12.2 Outline of Experimental Chapter 1 — When is Oxygen supplementation

Most Effective for Sprint Cycling Performance?

Concurrent supplementation with oxygen (O2Supp) enhances performance but this
type of delivery is not feasible in performance situations due to the equipment size
(compressed gas cylinders) and expertise needed to administer it safely. Laboratory
administration is needed to administer the gas in a controlled environment. This study
aimed to determine when hyperoxic gas elicits the greatest effect on cycling performance.
Specifically, we aimed to determine whether O.Supp given after a fatiguing task but prior
to repeated sprints had a similar effect to when O.Supp was given during the repeated
sprints alone.

Eight trained male cyclists underwent four visits to the laboratory. Each session comprised
a pre-fatiguing task (15 km cycling time-trial), 15 min recovery (FiO2 1.00 (H) or Normal
(N) air), followed by 10 x 15 s repeated sprints (during which time H or N was given).
Thus, the 4 conditions were NN, HN, HH & NH. Repeated measures ANOVAs (a set to p
< 0.05) were used to examine difference between conditions in power output (peak and

mean Watts).
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Peak and mean power output were significantly increased during full hyperoxic (HH)
compared with normoxic (NN) condition [4% and 3% respectively] (p < 0.05).

O2Supp (FiO2 1.00) during recovery and exercise appears to elicit the greatest
improvements in peak and mean power. This shows that use of supplementary oxygen is

beneficial during maximal activity, and in recovery periods between exercise blocks.

12.3 Outline of Experimental Chapter 2 — The Effect of Manipulating the
Timing of Oxygen Supplementation on Repeat Sprint Cycling
Performance
The aim of this study was to determine the optimal time to administer oxygen during

a repeat sprint protocol on cycling performance.
Ten male amateur University students participated. Testing comprised four visits to the
laboratory in a counterbalanced design. Each session entailed; 5 min cycling warm up
(~200 W), 5 min passive recovery, followed by 10 x 15 s repeated sprints interspersed with
45 s passive recovery, during which the air inspired was manipulated using a FiO, of 1.00
or 0.21 (normal air). The inspired air during the sprints and/or the recovery periods,
determined the four conditions: NH, HN, HH, NN. For example, in HH, participants had
supplementary oxygen during the 10 sprints and the 45 s recovery periods, whilst in HN,
participants had supplementary oxygen during the sprints, but normal air during the
recovery periods. It was hypothesised that the HH condition would evoke the largest
performance improvements.

Outcome measures included, mean power (W), performance decline (%) and BLa

(mmol-L™?). Repeated measures ANOVA were used to examine differences between

conditions in outcome measures.
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There was no significant effect of O,Supp on mean power (W), BLa (mmol-LY) or
performance decline (%) (p > 0.05). However, a common trend in HH condition was
evident, with lowest levels of lactate accumulation and the shallowest decline in
performance across the 10 sprints.

However, it appeared that non constant O.Supp during repeat sprint cycling has a negative
effect on performance when administered in short (15-45 s) interchangeable bouts during
a training session. Therefore, oxygen supplemented training during short durations of a
training session (HN, NH) is not as effective for maximising performance compared to

training with oxygen throughout.

12.4 Outline of Experimental Chapter 3 - The Effects of Oxygen
Supplementation on Repeated Sprint Cycling Performance and Muscle
Fatigue
Oxygen supplementation (FiO2 > 0.21) can evoke performance improvements in

aerobic and anaerobic exercise. The aims of study 3 were to determine the effects of

breathing hyperoxic gas (FiO2 1.00) on repeated cycle performance, and to assess the nature
and extent of fatigue after intermittent sprinting.

Testing (n = 14 males) comprised two visits to the laboratory. Each session involved 10 x

15 s repeated cycle sprints breathing FiO2 1.00 (O2Supp) or FiO2 0.21 (Normoxia). Muscle

fatigue was measured pre and post sprints using maximal voluntary contraction (MVC),

voluntary activation (VA) and potentiated doublet twitch (PTF). Blood lactate (BLa) was
taken between sprints.

Paired samples t-tests were used to examine differences between conditions in power

output (peak and mean Watts) and BLa. Two-way ANOVA was used to examine fatigue
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variables pre and post sprints according to condition. Effect sizes were also calculated and
reported as Cohen’s d.

Mean power output was 4% greater in O2Supp (p < 0.01), with no difference in peak power
(p > 0.05). There was a significant increase in BLa in O2Supp compared with Normoxia (p
< 0.01) in sprints 4 and 8, with large but non-significant differences in sprints 5-7 and 9-
10. Despite the greater mean power achieved, there was no significant difference in
measures of muscle fatigue (MVC, VA and PTF) (p > 0.05) in response to the cycling,
although a large drop in PTF occurred in both conditions implying an decrease in the
potentiation of the muscle (fatigue).

O2Supp can elicit improvements in mean cycling power, with no significant change in post
exercise muscle fatigue. O.Supp as a training aid may provide performance enhancing
effects during repeated sprint cycling by reducing concurrent muscle fatigue, primarily via

peripheral factors.

12.5 Outline of Experimental Chapter 4 — The Use of Acute Oxygen
Supplementation Upon Muscle Tissue Saturation During Repeat Sprint
Cycling
This study examined performance (power output) and physiological responses

(Tissue Saturation Index- a measure of muscle oxygenation status) to repeat sprint cycling

with O2Supp (FiO2 1.00).

Fourteen amateur male cyclists participated. Testing comprised two visits to the laboratory.

Sessions entailed; 15 min relative intensity warm-up, 10 min of passive recovery, followed

by 10 x 15 s repeated sprints, during which air inspired had FiO2 1.00 oxygen or normal

air.
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Outcome measures included mean power (W) and change in TSI (ATSI%). Repeated
measures ANOVA were used to examine difference between conditions in mean power
output for each sprint. Paired samples t-tests were used to examine differences between
conditions in ATSI (%) and rate of muscle reoxygenation and deoxygenation (%-s™).
Pearson’s correlation tests were used to identify the relationship between power output and
muscle reoxygenation rate between conditions.

Mean power output was 4% higher in the oxygen condition compared to Normoxia (p <
0.01). There was a significant positive correlation between power output and reoxygenation
rate during O2Supp (r = 0.65, p = 0.04). No correlation was seen between power output and
reoxygenation rate during Normoxia (r = -0.30, p = 0.40).

O2Supp (FiO2 1.00) appears to elicit the greatest performance improvements in mean
power, whilst increasing muscle reoxygenation. This novel research is the first to show
positive increases in muscle oxygenation with O2Supp and to suggest the mechanisms

behind benefit of supplementary oxygen on sprint performance.

12.6 Outline of Experimental Chapter 5 — The Feasibility of Using Near
Infrared Spectroscopy to Assess Muscle Oxidative Capacity following 3
Weeks Training with Oxygen Supplementation
The primary aim of this study was to assess the feasibility of using near infrared

spectroscopy (NIRS) utilising arterial occlusions to measure muscle oxidative changes

during a multi week training intervention with oxygen supplementation (O2Supp).

Secondary aims were to assess recruitment and adherence to training and the ability to

collect training data from both supervised and unsupervised training sessions of

participants.
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13 amateur level cyclists performed 3-week training block consisting of two supervised
HIIT sessions a week and additional unsupervised sessions 2-4 times a week. Participants
were randomly allocated to either O2Supp (FiO2 1.00, n = 5) or Normoxia (FiO2 0.21, n =
4) during the supervised training. An addition control group (n = 4) undertook only
unsupervised training. Muscle oxygenation and muscle oxidative capacity together with
peak cycling power (W) and VO.max (ml-kg-min™) were tested pre and post training
intervention.

Analysis shows that it was feasible to recruit to this type of study, with large retention rates
(77%), and that the intervention well received by participants. Adherence to both training
sessions (supervised and unsupervised) was 100%, with some losses in data during
unsupervised training. No participants reported side effects with the oxygen
supplementation. The measurements used (NIRS with arterial occlusions) were effective
at detecting positive changes within muscle oxidative capacity. Additionally, O>Supp led
to small non-significant changes in pre and post measure of mean power output (18.41 +
30.43 W), peak power output (38.46 + 77.22 W) and VOzmax (0.45 + 2.52 ml-kg-min™).
This study demonstrates that a short cycling exercise intervention using NIRS to assess
change is feasible. This is supported by the high retention and adherence rates. The results
show that O»Supp training elicits increases in muscle oxidative capacity and small
increases in mean power output. Our measure of muscle oxidative capacity using NIRS
and arterial occlusions was sensitive enough to detect positive changes to short term
training. However, future studies will need to overcompensate the recruitment pool to

consider trial uptake and loss of data.
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12.7 Chapter Combining Experimental Data

Each experimental chapter has evidenced that O>Supp permits a more sustained
cycling power output during high intensity interval training (HIIT). As each experimental
chapter O>Supp used during similar methodologies, we hypothesised that a combined
analysis using the data from each experimental chapter could provide greater statistical
power to explore the effectiveness of O>Supp within a HIIT programme, with particular
focus on performance variables - mean and peak power output (W), and performance
decline.
There was a combined data set of 81 (O>Supp =41, Normoxia = 40). Data used for analysis
was taken from experimental chapters when O>Supp and Normoxia were used throughout
the entire session (sprints and inter sprint recovery) meaning experimental chapters 1
through 4. Each session in these chapters consisted of 10 x 15 s repeated cycling sprints on
a cycle ergometer, interspersed with 45 s recovery.
Repeated measures analysis of variance (ANOVA) were conducted to look for differences
according to condition (O2Supp / Normoxia) for change (from sprint 1 to 10) in mean and
peak power and BLa (mmol-LY) for each sprint (10 sprints) (condition X time). t-tests were
conducted to assess the differences in performance decline between mean power output
(W) and peak power output (W).
O.Supp training elicits positive meaningful improvements in mean sprint cycling
performance using sprint one as baseline (increase by 16 + 19 W). Small reductions in raw
peak power was experienced (25 = 23 W) with O>Supp. Performance decline was also 4%

lower in O2Supp.

O.Supp helps attenuate lactate accumulation and performance decline. BLa levels were on

average 2 mmol-L* lower during OSupp compared with Normoxia.
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This analysis showed that O>Supp during HIIT is beneficial for mean sprinting power and
the attenuation of both performance decline and lactate accumulation. O2Supp has shown
positive and meaningful benefits for cycling HIIT and could be applied to acute HIIT

training programmes.
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12.8 Systematic Literature Search

This literature summary followed the PRISMA guidelines 2% that were deemed
acceptable for this review. PRISMA has four main sections, it was deemed that the methods
section (structured search terms, and inclusion and exclusion criteria) and results section
(study selection) were only relevant to this literature summary. ldentifying funding, risk
ratios, data handling, synthesis of results and the analysis of key groups, were not suited
for this review.
Studies were identified for literature summary using a variety of electronic and paper
databases: Web of Science (performed on 24" November 2016), Pubmed (performed on
24" November 2016), and Google Scholar (performed on 24" November 2016) with the
search criteria; ‘Post exercise hyperoxia’, ‘hyperoxia exercise recovery’, ‘recovery’,
‘fatigue’, and ‘central and peripheral fatigue’. In the region of 600 studies were identified
for review. Only journal articles and abstracts published between 1990 till September 2016
were considered for this literature analysis. Relevant journals published between December
2016 and 2019 were added for detailed ongoing review of the literature.
Procedures for selecting and evaluating the effectiveness of the articles were adapted using
the Quality of Reporting of Meta-analyses (QUOROM) statement where applicable 22°.
Both titles and abstracts were screened for suitability, and any duplicates were removed.
Those papers that cleared scrutiny based on their title and/or their abstract, were
subsequently read in full to confirm their suitability.
600 articles were identified following the literature search, with only 68 studies meeting
our inclusion criteria. This is due to them not meeting all our inclusion criteria. As well as

this a number of 240 papers were excluded due them being off topic when reviewed in
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detail. Figure 12-1. shows the process of eliminating articles and finalising the journals to

be reviewed.

How many studies after
relevant literature search? (n =

600)

How many removed due to

title/ abstract? (n = 266)

Removed due to not meeting

inclusion criteria. (n = 240)

Removed due to duplicates.

(n =26)

Studies included within

review. (n = 68)

Papers excluded after abstract
analysis with reasons (n = 240).
136: Diseased/ clinical
Population

38: Age

23: Animal study

18: Non-English transcript

25: Other

Figure 12-1. llustrates the process of eliminating articles based on selection criteria.

Papers must meet both inclusion criteria’s, these were; () participants had to be healthy in

complete absence of any type of disease, ® be within an age range of 16 and 50 years old.

This ensures participants can partake off their own volition and are physically capable to

participate in the study.

Studies were excluded if they included any of the subsequent terms; “children”, “disease”,

“elderly adults”, “animals”. Articles were also excluded if they were not originally written

in English. During the original literature searches papers were excluded if they were written

prior to 1970, although multiple papers were used if they were cited by more than 10 of the
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papers that were included in the final article list. Papers were also included if they were

used for definitions or ground-breaking findings but fell outside the inclusion date range.



