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Art and the spinal cord

Below is a section of the Assyrian liinunting scenes that decorated the walls of the
North Palace of the Assyrian king. This is an early illugtreof spinal cord injury. It

is dated 650 B.C. and portrays a dying lioness with hindlimb paralysis as a result of
arrows piercing the spinal cord. It is available to see at the British Museum.

This is the spinal cord created using 21 K an&gdld leaf, ink and dye on stainless
steel, created by Greg Dunn and Dr. Brian Edwards. It uses microetchings which are
handmade lithographs that reflect light in a specific way. More on microetching
fabrication can be found heri&tp://www.briaredwards.com/microetchir@brication

(permission to use this image from the website§://www.gregadunn.cojivas
granted byGreg Dunn
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Abstract

Intermittent hypoxiag defined as brief exposures of low oxygen concentration. It is
commonly associated with a disease state known as obstructive sleep apnoea, however,
a mild to moderate form can benefit patients with spinal cord injury. Studies have
shown that a single expore of intermittent hypoxia enhances the excitability of spinal
connections spared following a cord injury. The enhanced excitability may last for
more than an hour and during this time medical professionals can use conventional
rehabilitation therapiesna offer a heighten rehabilitation outcome and perhaps even
speed up recovery. Nevertheless, there is a limited understanding in the tolerance of
the intermittent hypoxia protocol given to spinal cord injury patients and its effects on
spinal pathways. Thpurpose of this thesiwasto go back to the basics and study
intermittent hypoxia on healthy volunteers. To examine the tolerancéy atsbfind

an appropriate IHT intervention that challeddfee homeostasis of healthy volunteers
measurements of heaate, saturation of oxygen in the blood, and blood pressure were
taken Toanalyse the response of the autonomic nervous system, heart rate variability
was analysed. Regarding the investigation on spinal pathways, the effect on the
sensory and motor gaways was examined by recording somatosensory evoked
potentials and motor evoked potentials. These measurements were taken prior, during
and up to 30 minutes following the IHT intervention. Results showed that a single
exposure of IHT given to healthy yogivolunteers was well tolerated and its effects
were long lasting and localised on the corticospinal tract following a stimulus on the
motor cortex. Yet, to know the true potential of its ability to alter corticospinal
excitability it is also essential giudy its effect on skeletal muscle metabolism and as

a resultonforce.



Key abbreviations

ANS- Autonomic nervous system

ASIA- American spinal injury association
BDNF- Brain-derived neurotrophic factor
CNS Central nervous system

COPD Chronic olstructive pulmonary disease
CST- Corticospinal tract

DCML- Dorsal column medial lemniscus pathway
EEG Electroencephalography

EMG- Electromyography

FES Functional electrical stimulation

FiO- Fraction of inspired oxygen

IHT- Intermittent hypoxia traimg

iISCI- Incomplete SCI

LTF- Long term facilitation

MEP- Motor evoked potentials

NnTMS- Navigated TMS
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pLTF- Phrenic long term facilitation

SCI Spinal cord injury

SEPs Somatosensory evoked potentials
SpQ- Pulse oximeter blad oxygen measurements
TrkB- Tropomyosin receptor kinase B

5-HT- Serotonin
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Chapter.1. Literature review.

1.1.Introduction

A common rehabilitation therapy that is currently being used to promote functional
recovery in patients with spinal cord injury (SCI) is body weight supported treadmill
training (BWSTT).But thisis an intensive training programme aischot suitable for
frail elderly spinal cord injured patients. Laboratories, mainly in the United States,
have recently begun investigat®oron a potential novel treatmentkknown as
intermittent hypoxia training (IHTipr its promising ability t&nhancenotor function
in patientswith incomplete spinal cord injury (iISCI) (Trumbower et al., 2012;
Trumbower et al., 2018; Sandhu et al., 2019; Naidu et a., 2020; Hayes et al., 2014;
NavarreteOpazo et al., 2016 NavarreteOpazo et al., 2017; Lynch et al., )1IHT
provides aralternativeor adjunct treatment that is attractive to clinical populations
that cannot tolerate the current vigorous and intensive rehabili@sgociated with
BWSTT. These are usually elderly individuals who now, compared to thierpake
up the majority of SCI patients (McCaughelyal, 2016; Scivoletto et al., 2008
Hence,IHT may be considered a novel rehabilitation approach that is suited for the
rehabilitation treatment of the growing population of elderly SCI patients dsasvel

young cases.

IHT seems to provide functional benefits when used on its own or in combination
with rehabilitation.First of all, it is important to highlight that IHT alone enhances
fitness by improving respiratory function and cardiovascular hettils.is supported
by studies on altitude training in athletes (Terrados et al., 1998, Casas et al., 2000) and
in the elderly population. It is important to highlight here the studguoyscher et al.
in 2004that reported improvements in exercise toleeaincelderly patients with and
without coronary artery disease following IHT. IHT as a rehabilitation aid takes
advantage of physiology and incorporating it in rehab programmes is highly likely to
be beneficial in improving general fithess levels of pasieand especially
advantageous when dealing with elderly patients that are likely to be less fit. Age
related differences in walking prognosis in incomplete spinal cord injury have been
reported in the United States (Burns et al., 2012)pantly, itmay beassociate by the
inability of elderly patients to undergo intensive rehabilitation sessions. Overall, there

is a significantly lower percentage of elderly patients with functional ambulation at



rehabilitation discharge compared to young patients (Buras.,e2012). Secondly,
given the increasing evidence for IHT to bring about long lasting neuromodulatory
effects on nofrespiratory motor pathways, the potential faciliatory effects of IHT as
a promotor for recovery at low cost makes it an attractivenatljtierapy. Small scale
trials with iSCI patients have highlighted that when IHT is administered, without
additional training, lasting improvements in ankle plantar flexion torque and walking
speed, can be measured (Trumbower et al., 2012; Hagks2£114). These functional
gains are further enhanced when IHT is coupled with a task specific training (TST)
(NavarreteOpazq 2017;NavarreteOpazo2016; Trumbower et al., 2017 and Hayes

et al., 2014). Accordingly, further research is required, pebfgbased on large scale
clinical trials, to gain a deeper understanding of the benefits and level of response to

IHT when given alone as well as when paired with a task specific training.

IHT involves the breathingof hypoxic air sustained for severalcsads and
interrupted by several seconds of normokia believed that IHT causes a release of
serotonin in the central nervous system (CNS) that ultimately strengthens the spared
connections between the brain and spinal cArfécilitatory effect hadeen reported
to last up to around 120 minutes (Christiansen et al., 2017) and during this time
window medical professionals are encouraged to perform conventional rehabilitation
therapies. Currently, in the United States clinical trials are being condocte

combining IHT with rehabilitatiomttps://clinicaltrials.gov/ct2/show/NCT03644277

After reviewing the literature fgdiesadministering IHT on iSCI patienteportan
improvanent in notor function however,the mechanissiof action safety with
respect to dose and exclusion critedalate is not wellevelopedConsequentlythe
purpose otthis researchlwasto explore the influence dHT on sensory and motor
performance in healthyndividuals to better understand theaunderlying central
mechanism of action of a single dose of |HEE well as exama its safety by
monitoring key vital signsideally, the investigation would have progressed into
studying IHT on patients with iSCI, howew during the course of this thregear
projecta significant part of the experimental programme was affected hynfract
of the COVID pandemic on faceo-face researcthuscurtailing some of the planned

work.


https://clinicaltrials.gov/ct2/show/NCT03644277

The principal reason for examiningHT interventionin healthy subjects before
moving to patients i acquirebaseline datireefrom the complicationghatnormally
occur in patients in addition to paralysithese are related tocardiosascular and
respiratory debilities Furthermore, itis also essential tacquire knowledge on
neurophysiologicabssessmenprocedures recordings and analysisethodologies
beforemoving into patient tests and clinical tria#scordingly, the work reported here
is focused on key questions relating to the effef single session IHT on sensory
pathways as measured by somatosensory evoked potentials (SEPs) and corticospinal

excitability as measured using transcranial magnetic stimulation (TMS).

The review that will follow willcoverthe organisation of thepinal cord and what
occurs following injury as well as the types, causes, impact and demographics of SCI.
Furthermoretheassessmestnd rehabilitation methods available will be discussed
as well as the necessity oftroducing adifferent rehabilitation gproach forthe
growing elderly population withiSCI and how intermittent hypoxia comes into play
as an attractive potential treatment. In addition, information on specific technigues and

concepts will be elaborades they will arise in individual chaptes§this report.

1.2Demographics of SCI in Scotland

According to the World Health Organization (2013) the global incidence of
traumatic and notraumatic SCI is around 40 to 80 cases per million of the population.
Generally, the life expectancy tife SCI population is lower compared to the general
populationand the leading cause of deathhigh incomecountries are respiratory
problems(WHO, 2013).

A retrospective review of the Queen Elizabeth National Spinal Cord Injury Unit
(QUENSIU) databaseni Scotlamd was performed oveRO-yeass, 19942013, to
investigate howwhedemographics of SCI changed over this pergetween 1994 and
2013, 1638 patients with traumatic SCI were admitted to QENSIU (McCaughey
al., 205). The incidence rate for traumatic Skidtween 1994 and 2013 was 15.9 per

million (McCaughey et al2016. The main findings of this review are the following:



1) The most common cause of traumatic &flalls (51.7%). Incidence rate
significantly increased from 41.6% between 1994 and 19980t6%
between 2009 and 2018 traumatic SCI caused by falls.

2) There was a significant increase in mean age at the time of injury from 44.1
years between 1994 and 1998 to 52.6 years between 2009 and 2013

3) There was a marked increase of patients with tréiar&&| at the cervical
level and it was mainly due to an increase in@fllesions(McCaugheyet
al., 2016

Compared to the past, there are now more elderly patients in Scotland with upper
cervical traumatic SQlesultingfrom a domestic fall (McCaughest al, 2016). This
stemsfrom the elderly living longer and being more socially and economically active
but also from higher risk of falling as we adfehas been estimated that by 2034, 23%
of the population will be aged 65 years and above (MASCIP, )20&refore,
researcheriterested in SCare now focusing on treatments thake accounthe
physical capabilities of the patient population. It is evident that we need a different
model of SCI care pathway and this is not only reported in Scotlandcbogs all
developed economies where an increased life expectancy exists (JeicBsd004;

Wirz and Dietz, 2012Scivoletto et al., 2008 For instance, Jacksat al (2004)
reported thabver 30 years from 1973 to 2003 in the United States a isigmif

increase in mean age at the time gdiip for each following decade.

1.3.The spinal cord

The spinal cord serves as a medium of communication between the peripheral
nervous system and the bramcontrol motor, sensory and autonomic functions. The

information is relayed via spinal nerves or tracts.

The peripheral nervous system carries information to and from the spinal cord via
the 31 pairs of spinal nerve8 cervical, 12 thoracic, 5 lumbar, 5 sacral and 1
coccygeal)that arise from the spinal vebi@e.A nerve is abundle of axons(or
projections of neuronsjhat carry motor, sensory (pain, temperature, vibration,
pressure or proprioception) and autonomic signals from and to peripheral receptors
that are found on the skin, muscles, tendons, j@ntsviscergdCramer, Darby and
Cramer, 2014, p.65)



In the central nervous system (CNS), the bundles of axons are referred to as tracts
and they are located in the white matter of the spinal cord. The white matter is divided
into the dorsal columns thatarry sensory information, the lateral columns where the
information travels from the cerebral cortex to spinal motor neurons and the ventral
columns that carries sensory ascending information as well as motor descending
information (Cramer, Darby and Cram, 2014 p.82; Weidner, Rupp and Tansey,
2017, p30-34; Purvesand Williams 2001).
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Figure.11. DCML is an ascending pathway that conveys discriminatory tol
proprioception, vibration and pressure. Peripheral mechanoreceptors afferent fibersheant
dorsal root and at this stage some branches descend, and they are involved in mediatin
responses, while the rest ascend, cross at the medulla and terminate at the postcentri
and posterior paracentral lobule. The pathway is clearlyliged inred. (diagram used with
permission fronPurves and Williams, 2001)

The ascending tracts convey sensory information from skin, muscles, tendons,

joints or viscera to the braiand between spinal cord segmemil spinal sensory

information that travels via the dorsal column pathwaggnapsen thalamic nuclei



where information is processed and thtramsmitted on toortical areaof the primary
sensory cortex(Weidner, Rupp and Tansey, 2017, p38). The primary
somatosensory cortex fisund in the postcentral gyrus or Brodmann aréa $ome

of the ascending sensory information is integrated in the brain and used by autonomic
centres to maintain homeostasis or by motor centres to control movéNedner,
Rupp and Tansey, 2017, p-39). Here it is worth mentioning the dorsal column
medial lemniscus pathway (DCLNhatconveys fine touch, twpoint discrimination,
vibration and proprioception (sensing the position of limbs into space). As illustrated
in Figurel.1, thesanputs ascenditthe primary somatosensagrtex where they are
processed anafm a somatotopic map of the body regions within the primary sensory
cortex. This gives different areas functional specificity related to different body

regions and structures.

Descendingracts, as showmm Figurel.2, originatein the brain and convey motor
information to the spinatord. An important descendingact responsible for all
voluntary movements, especially skilled movements of the hands and fingers, is the
corticospinal tracfCST)(Cramer, Darby and Cramer, 2014 p. 36¢lpst of the fibres
originate from pyramidal neurons in the primary motor cortex known as the upper
motor neurons andunlike other descending cortical tracts these cells make
monosynaptic and polysynaptic spsa connections to the spinal mateuronghat

innervateskeletalmuscles Cramer, Darby and Cramer, 2014 p. 37/%).



Pyramidal
decuszason ~

Figure1.2. Corticospinal Tract (CST): Most fibers (lateral CST) cross in the cat

medulla and descend in the lateral funiculus of the cord. The uncrossed fibers des¢

the ventral funiculus. The axons terminate in the intermediate gray matter and the v

horn. (diagram used with permission fro@ramer, Darby and Cramer, 2014)

The primary motor cortex is found in the precentral gyrus or Brodmann area 4 in
the frontal lobe and body part representatiogain this regionis related to the level
of control the brain devotes to it. Penfield and Boldrey found that larger areas of the
cortex are responsible for areas of the body that are involved in precision tasks and
fine control of movement (Penfield and Budg et al, 1937). As mentioned, most
fibres originate from the primary motor cortex, however, some also originate from the
postcentral gyrus or sensory cortex and the parietal lobe. Aroud®@00 % of the
fibres cross at the level of the pyramid, Wwmoas pyramidal decussation providing
contralateral control of motdunction Cramer, Darby and Cramer, 2014 p. 37T¥he
remaining descend ipsilaterally with sorfileres making psilateralconnections to

motor pools.



As mentioned, the spinal cord alloe®mmunication between the peripheral
nervous system and the brain. Following spinal cord injury, this communication is
disrupted resulting to loss of motor, sensory and autonomic functions below the
innervation level of injuryThe ability for the CNS toepair itself is limited, however,
there are interventi on gsthe uality ofdeing plastica ge p |
specifically, the ability to be easily moulded or to undergo a permanent change in
s h a (Ogfard English dictionary2027).

1.4What happens to the spinal cord following injury?

The CNS ability to regenerate changes from development into adulthood. In the
adult CNS there is limited availability fanorphological changes in neusmnd
strengthening of synapses following an inji@urashe, Forbes and Andrews, 2018)
These changes are referred to as neuroplasticity and defined by the Oxford English
dictionarya®t he abi l ity of the nervous system |
pathways, as during development and learning or ¥ahg injuryd (Oxford English
dictionary 2021).

In the developing CNS, neurons express grewvttmoting proteins and create a
favourable environment for neuronal growth (Maier and Schwab, 2006; Quraishe
Forbes and Andrew2018). In the adult CNShowe\er, synapses are stabddsand

synaptic plasticity is controlled mainly by the presence of perineuronalvhetis are
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Figure.1.3. Pathophysiology following SCR) acute phase (@8h), B) late subacuteC)
intermediate andD) chronic diagram used with permission froAshammakhet al,2019).
NPCs: neuroprogenitor cells.



extracellular matrix structures (ECMYQuraishe Forbes and Andrews018). In
addition, neurite outgrowth inhibitors (chondroitsulprate proteoglycans and
semaphorins) and myelassociated inhibitors (Nogh) are present and tenascin
glycoprotein growtkpromoting factors are downregulated (Qurajsherbes and
Andrews,2018).

Yet, the CNS has thieherent (but latentbility to recover and following several
decades of research we now have a good understandiogvtiie environment at the
site of injury may limit or hinder this.This has directed scientists to focus on
manipulatinghe environment at the site of injuiy bemore favairablefor plasticity.

For instancedamage may be prevented close to the time of injury by the use of

neuroprotectivagents such aorticosteroidMaier and Schwab, 2006).

Following injury, the stable environment for neuronal growth and repair is
disrupted by the upregulation of growthhibitory factors. Initially, SCI leads to
haemorrhage, ischemia at the site of injury causing necrotic cell death, an immune
response, and disruption of ionic homeostasis (Oyinbo, 2Qadgishe Forbes and
Andrews 2018). At this point acute care is needed to reduce inflammatiostabdise
the patient This is considered the first phase or also known as the initial mechanical
damageThe next phase is associated with the formation of the glial scar and Wallerian
degeeration (Oyinbo, 2011). In summatiie secondary phase includes a cascade of
events that leads to neurodegeneration and creates a andtiegativenvironment
for growth and repair. Some of these events include the upregulation of neurite
outgrowth nhibitors creating retraction bulbs, the formation of glial scar by astrocytes
at the site of injury, the secretion of myetissociated inhibitors from injured myelin
sheaths, the release of prdlammatory cytokines anBECM proteins that encourage
inflammation and tissue damage, the formation of reactive oxygen and reactive
nitrogen species leadirtg protein damage, apoptotic cell death and the increase in
glutamate neurotransmitter release causing demyelinatioroligbdendrocytes
(Oyinbo, 2011; Quraheet al, 2018). Pleaseefer to Figurel.3 a diagramfrom

Ashammakhet al in 2019 which illustrates in detail the phases of SCI.

Understanding the phases following injury has facilitated neuroscientists to
explore a variety of possible interventicasgeting different cellular and molecular



factors. Some examples are the use of methylprednisolone steroid to reduce
inflammation in he acute phase, the use of agn@NMDA receptor antagonist to
inhibit glutamate induced neurotoxicity atlte oral adrmistration offast voltage
sensitive potassium channel blockeaiinopyridine thats capable to improve gait

by reducing demyelination of axgnamong many other interventions that are being
researchedBracken et al., 1992; Segal et al., 198

1.5Causesof SCI

Following the summary of the destructive cascades of events after injury, the
discussion will proceed with the most probable causes of injury. SCI is a loss of motor
and/or sensory function from traumaf®9.6 million in Scotlandpr nontraumatic
causeg14 million in Scotland) (McCaughey et al, 2018yaumatic SCI results from
falls (42%), vehicle crashe$37%) acts of violencg4%), sportsor recreational
activities (12 %), assault (3%) and other unspecified causes resulting from trauma
(3%) (these percentages are for UK in 201S)atista, 2@81). Non-traumatic SC
occurs from compression of the cord due to degenerative conditions affecting the
spinal column, vascular disorders and viral infections (Hatanpaa and Kim,2014; Kalsi
Ryan,Karadimas ad Fehlings, 2013). For instance, vascular disorders include spinal
vascular malformations where spinal dural arteriovenous fistula and type |
arteriovenous malformations are the most commaieidner, Rupp, and Tansey,
2017, p.107) These malformations ese a congestion within the veins from blood
being shunted in the perimedullar veins, triggering inflammation within the spimial cor
and ultimately causingnyelopathy Weidner, Rupp, and Tansey, 2017, p.107)
Myelitis can be caused by systemic autoimmurgeabes, such as sarcoidosis,
Sj°grends syndrome and systemic | upus ery
simplex virus, varicella zoster virus and retrovirus or by bacterial infections such as
mycobacteria, brucella and chlamydophila (Sawaya aaiMan, 2013Kim et al.,

2009; Weidner, Rupp, and Tansey, 2010ther causes of nemaumatic SCI that
compresses the comtlude:degenerative spinal diseases (i.e. spondylotic myelopathy
and compression of cauda equine), neoplastic diseasebagmagiomg, spinal

hematoma (i.e. spinal epidural or subdural hematoma), infectious lesions (i.e. spinal
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epidural abscess) and othagtiologies (i.e. meningeal or arachnoid cysts) (Dey,
Landrum and Oaklander, 2008/ eidner, Rupp, and Tansey, 2017

1.6.Types d SCI

The extent of lost function depends on the number of tracts damaged and on the
location of the injury. If no tracts are preservidtbre is a lack of sensory and motor
function below the level of the injumesultingto complete SCI. If some ascendi
and descending tracts are preserved, then there are some motor and sensory function

below the level of injury and this is knowniasomplete SCIiGCI).

A B) Spinal Myotomes
S level
6 3 C5 Elbow flexors
> | C6 Wrist extensors
(% : N Cc7 Elbow extensors
= ,‘%‘ C8 Finger flexors
W= h‘% S T1 Finger abduction
"‘5\ \ L2 Hip flexors
A \Qi \ L3 Knee extensors
Y { }‘ ' L4 Ankle dorsiflexors
\ L5 Long toe extensors
S1 Ankle plantar flexors

(table reconstructedith permissiorfrom Kirshblum
et al.. 2011)

(diagram used with permission from Martini, Nath and Batholomew, 2018)

Figure.1.4. A) Anterior and posterior distributions of dermatomes. NV= cranial nerve fi
(trigeminal nerve)B) Spinal level and myatnes.

The injury can cause either tetraplegia, resulting from lesions in the cervical level,
where all limbs are affected or paregia, resulting from lesions in the thoracic level
(Marino et al., 20@). Incomplete tetraplegiwasthe most frequent type of S@i
Scotland with an incident rate of 66.3% between 2009 and 2013 (McCaughey et al.,
2016).

Thelevel of the injury is an iportantfactor on the extdrof function retained and
lost The spinal cord is organised into cervical, thoracic, lumbar and sacral levels along

with a coccygeal spinal segmelnt.between the vertebrapinal nerves enter and exit
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from the spinal cordThey innervate a different dermatome, myotoared visceral

organ (Figure.1.4; Figure.1)5 A dermatomeis defined asa discrete skin area
innervated by sensory axons that the spinal cord receives sensory information from
andamyotomeis a group of fibresvithin the musclesnervated by motagixonsfrom
specific spinal nerve@-igurel.4) (Martini, Nath and Batholomew, 2018)herefore
functional loss following a SCI is associateih the segmental level of injury.

High cervical lesions at C1 to C4 spingertebrae are the most severe and
sometimes fatadue to respiratory paralysis unless the patient can be ventilated quickly
following the injury but these arealso very rargWong, Shem and Cre®012).
Cervical SCI leads to full paralysis below the neakd alsoleadsto autonomic
dysfunction (Krassioukowand Claydon2006). The patients require ventilation and
they are totally dependent on a caregiver for all daily living activ{iiésng, Shem
and Crew2012) Ventilator support islso critical aspost management can cause

complications such as pneumonildng, Shem and Cre012).

Sympathetic Nervous System Parasympathetilervous System

ey e o)
|| e o o e Oy Fe Scoum Uneary e A

Figurel.5. Sympathetic and parasympathetic neissystenillustrationsused with
permission fronMartini, Nath and Batholomew, 2018).

For lesions at C5 to C8 vertebrae, patientsstretain someesidual hand function
andmany learn taise a battery powered wheelckaifheymayevenhave sufficient
dexterity to completesome daily activities such a&ating unaidedNaset al, 2015).
Lesions in the thoracic, lumbar and sacral vertebrae result in paraplegia where there is

paralysis in the lower limbs and part of the tranlabdomen. Moreovethey also can
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commonly suffefrom sensory loss angborto no voluntary control of bowebladder
or sexuafunction (Nas et al.2015).

1.7.The impact of SCI

SCl is a major life event as the individual needs to learn what it means to live with
SCI and losing independendsost independence means that the patient needs to rely
on a caregiver. SCeésultsto a serious physical disability and secondary medical issues
thatnegativelyympact the quality of life of the individual, friends and family members.
The secondary medat issues include: problems wigiressuresores bowel and/or
bladder control, respiratory problems, cardiovascular issuea aegative impact in
sexualand reproductive function (Na& al., 2015)According to a communitpased
rehabilitation progranme in the United &tes with 56 participants that had either
tetraplegia (32.1 %) or paraplegia (64%)eyidentified bladder issigeas the most
problematic (30.4%f{Piatt et al., 2016).

For a SCI patient, mental health issuesan@rmal reaction untilite individual
adjusts andreatesa meaningful life with thie disability. It is especially debilitating
for patients that once lived an active life. In some cases, though, the individual cannot
accept their condition and they may develop clinical depesss well as substance
abuse and in extreme cases the individual may have suicidal thoughts (Kolakowsky
Hayner et al., 2002, Giannini et al., 2010). According to the WHO (2013) 20% to 30%
of SCI individuals have clinical depression. Moreover, mental hegatbblems

negatively impact the overall health and rehabilitation progression of the patient.

Furthermore, livig with SCI is a financial burden. The average yearly expenses
that include health care costs and living expenses but not indirect costssdosh a
earnings isbl, 064, 716 for the first year anfl 184, 891 each subsequent year for a
high tetraplegic patient (CTC4). For low tetraplegic (C&8) is$ 769, 351 the first
year andb 68, 739 each subsequent yéReeve Foundation, 2020)his information
is available for the United Statdsutthe currenhealttcare costs for UK based patients
have not been updatdgélven though there is no current analysis reporting the estimate
of healtltare costs in the UK, it is not expected to mittarse in theJS to a large

extend.
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Furthermore, there are significant financial implicatitimst alsodepend on the
severity of the injury, the age at which the injury occurred @edprospect of
employment. Unemployment affects most SCI patients and this pla@aomic
burden on the statend family In the Uhited Kingdomemployment rate decreased
from 86.5%in individualsprior tosuffering aSCI to 37.2% following SCI and 45.5%
of the subjects in the study reportedoaer gross household income and 19.5%
repated a 50% fall in earnings (NSCISC, 2019; Savic et al., 2000).

1.8.Assessing SCI in the clinic

To determine the prognosi®liowing a spinalinjury, clinicians complete a
standard clinical assessment validated and produced by the International Stamdards fo
Neurological Classification of Spin&ord Injury (ISNCSCI). The assessments are
advised to be performed at least 72 hours-pgsty (Herbison et al., 1992) and
theraafter at intervalsto chart progressiotoward dischargeCurrentevaluationsof
SCI in the clinic involves categorising the patient according to the severity of

symptoms angerformingneurophysiologicahissessments
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Figure1.6. Standard neurological classification of SCI used by clinici@igsire used
with permission froniKirshblumet al,, 2011)

In SCI the conduction of sensory and motor information is disrupted by the lesion
(Marino et al.,2003). By examining the ekmatomes and myotomeeell trained
clinicians can determine the extearid levelof the injury. The globally recognised
impairment scale used by clinicians wasblishedby the American Spinal Injury
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Association (ASIA) in collaboration with the Internated Standards for Neurological
Classification of Spinal Cord Injury (ISCOS) and it is known as the ASIA Impairment
Classification Alexander et al., 200). This impairment classification tool is used to
classify SCI but also to evaluate the rehabilitafpoogress (Kirshblum et al., 2011).

It assesses 28 dermatomes and 10 paired myotome functions around the suspected
injury level and it also grades the completeness of SCI (Kirshblum et al., 2011). The
ASIA scale ranges from A to E where A is assigned taplete loss of sensory and

motor function and E is assigned to normal sensory and motor function (Kirshblum et
al., 2011).

During the sensory examination, sensitivitassessedsing the pin prick test
and light touch. The pin prick test examines thaahalamic pathwayand the light
touch is used to examine the DCML pathway (Vasquez et al., 2013). For the duration
of the pin prick test the clinician uses a disposable safety pin and during the light touch
the clinician uses a cotton bud. Sensatioacaled according to a thrpeint scale
system (O=absent, 1=impaired, 2=normal, NT= not testable) (Marino et aB) 200
(Figurel.6). During the motor examination muscles are examinadastral to caudal

sequence and graded according to gosixt scak (Table.1.).

Table.1.1. Sixpoint scad (tableused with permission fromdirshblum et al., 2011)

0 Total paralysis
Palpable or visible contraction

Active movement, full range of motion (ROM) with gravity eliminated

Active movement, full ROM against gravity
Active movement, full ROM against moderate resistance
Normal acive movement, full ROM against full resistance

albhlwl N -

5% | Normal active movement, full ROM against sufficient resistance to be consii
normal if identified inhibiting factors were not present
NT | Not testable as a result of immobilisation or severe pain

Themuscles of the upper limb that are tested are: elbow flexors, wrist extensors, elbow
extensors, finger flexors and finger abductors. For the lower limb the muscles that are
tested arehip flexors, knee extensors, ankle dorsiflexors, long toe extensbes&te

plantar flexors (Figuré.6).
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1.9.Spontaneous recoveryollowing traumatic SCI and prognostic factor

Following a traumatic SCI, there @ften some spontaneous recovery, such as
axonal sprouting and synaptiearrangementin animal models of SCI axal
sprouting is observed by the formation of new hsp@al circuits (Bareyre et al.,
2004).However,spontaneous plasticity is limited by a decrease in growth factors, the
release of inhibitory molecules and the overall formation of a hostile envémrior

regeneration of axons following injury, as further described in the previous section,

Chapter 1 Section.1{#awcett et al., 200).

100 - AIS conversion, tetraplegic and
paraplegic ASIA A patients
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Figurel.7. Percentage conversion of AlS graddetraplegics and paraplegis AIS A
patientsfrom the European Multicenter Study about SCI (EMSCI) dataffiggee use
with permission from Fawceet al., 2007.

In SCI patients thepontaneous recovepyocesgakes place within the first 6 to 9
months following the injury ahoftenplateas at 12 to 18 month$ut this recovery
dependdheavily on the level and the completeness of the injury (Onifer, Smith and
Fouad, 2011; Burnet al.,2012). According to Fawcett et al. (ZQ0vho reviewed
several SCI studies, patients witBCl had a significantly higher degree of
spontaneous recovery compared to complete SCI patients. In complete SCI patients
(AIS A), only 20% converted either to AIS B or C. Followirngydar post injury AIS
B to AIS C was around 15 % to 40 % and from Al$BAIS D was as high as 40 %
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(Fawcett et al., 200. Figure.1.7 demonstrates the percentage of patients AIS
conversion in both tetraplegic and paraplegic patidrasv€ett et al., 20Q Burns et
al., 2012).

Furthermore, the prognosi walking following SCI depends on the sevgrof
the injury. Table.1.2demonstrates the prognostic factor, the AIS grade and the
anticipated outcome (Burns et al., 2012). It is important to mention that age affects
the prognosis for functional recovery following SCI (Reh Hegde and Ditunno
1990; Stevensoret al., 2016). Functional ambulation for discharge followang
rehabilitationprogranmewas 52% for younger patients whereaty 23% for elderly

patients (Burns et al., 2Q).

Table.1.2. Prognostic factor and anticipated outcomes (tabésl with
permission fronBurns et al., 2012)

Prognostic factor grade Anticipated outcome

Absence of sacral sparing A Clinically complete. Functional motor recovery
distal to lesion rare, although ~ 10-20%

convert to incomplete

Delayed plantar response > 7 A Remain clinically complete

days post injury

Intramedullary hemorrhage A Remain clinically complete

>10 mm

MMT grade for individual A, B, =85% of these muscles regain functional,
muscle = 1/5 by 1 week to 1 C,D  antigravity strength (= 3/5) by 1 year post injury
month post injury

LEMS =10 by 1 month post C,D  =85% are community ambulators 1 year post
injury injury

MMT, manual muscle testing; LEMS, lower extremity motor scores.

1.10. Neurophysiological techniques

Theremay be some spontaneous recovery in the first few months following a SCI
again depending on the severity of injuNeurophysiological techniques complement
clinical evaluation of SCI using the ASIA scalén Figurel8 a list of
neurophysiological techeues is displayed includng motor evoked potentials
(MEPs), somatosensory evoked potentials (SEPs), sympathetic skin response (SSR),
laser evoked potentials (LEPgalvanic vestibular stimulation (GVS) and nerve

conductiortess. These techniques ass#te functional integrity of different pathways
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and systems of the CNS. The pathways and systems assessed are the following:
corticospinal, dorsal column, spinothalamic, vestibulospinal and peripheral system
(Dietz and Curt, 2006). Some of the neurophysgjaal measurementwill be
described more in depth in th@lowing paragraphss they will be referred to again

later in the thesiw/hile others will be just briefly mentioned.

The wo neurophysiological techniquéisat will be described in detail arthe
MEPs and SSEPs. MEPs are responses evoked by transcranial magnetic stimulation
(TMS) and is used tanalyse the corticospinal pathway dwgtivatingfastconducting
corticospinal fibres that synapseithv spinal alpha motor neurons.olféwing
stimulationof the motor cortex there is a muscular response which is measured using
electromyography(EMG) electrodes placed on the muscle heBMG electrodes
recordtheelectricalactivity of the muscle (Hallett, 2000; Ginhoekal.,2013; Merton
and Morton, 198).

Pathway/ Method Readout Acceptance Clinical
system correlation
1 Corticospinal | MEP Ampllat Routine Central
paresss
2 Dorsal SSEP Amp/lat Routine Proprioception
column
3 Sympathetic | $SR Presence Routine Cardiovascular
control
4 Spinothalamic | LEP Ampflat Investigational | Pain/temp
(laser-heat) perception
S Vestibulospinal | GVS Amp/lat Investigational | Postural
instability
6 Peripheral NCSfreflex/ Amp/ncy Routine Peripheral
system BMG paresis

Figure.1.8. Neurophysiological techniques assessing function of the spinalfigone (
used with permission frolietz and Curt2006)

Usually, the latency and amplitude of MEPs are studiedany deviation from
thenorm indicates an underlying condition. The amplito&EP reflects the level
of corticospinal excitability while the latency reflects the conduction time from the
stimulationat the motor cortexrll the wayto the peripheral muscles (Bestmann and
Krakaueret al.,2015). In contrast, SSEPs evaluate theaosensory pathways and
the spinal subcortical and cortical nervous system (Norbert Weidner, Neurological
Aspects of Spinal Cord Injury)Jsually, they are evoked by stimulating the tibial,

median, ulnar opudemlal nerves and measured using electroenakeghaphyEEG),
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a nonrinvasive technique thats used tostudy the electrical activity of the brain.
Analysis mainly involves looking at latency and amplitude of thy @amponents of

the waveform.

Other methods include SSR, LEP, GVS and nerve cormtuateasurements
(Figurel.8). SSRis used to assess sympathetic fibres by recording the change in
potentials generated in the skin sweat glands. This response results from polysynaptic
reflex activation and it usually involves electrical stimulation gfeaipheral nerve
while measuring the response uselgctrodes placed over a dermatome of interest
(Kucera,Goldnberg and Kurca, 2004). LEPsareusedtbevat e t he f uncti
and C sensory fibre® study lesions in the spinothalamic tract (Treede, Lorenz and
Baumgartner 2003). They are usually recorded at stimulus intensity-dftibes the
pain threshold anthe analysis involves studyimipanges itatency and amplitude of
LEP (Treede, Lorenz and Baumgartner 2PDA3VS activates fibres of the vestibular
nerve pathways and evokes a biphasic EMG respdueseh(i et al., 2008). Nerve
conduction studies investigate how well the nerves and musclearaett@hing by
stimulating the nerve and recording EMG activity from the muscle (Chung, Prasad and
Lloyd, 2014).

To conclude, neurophysiological techniques are used to better evaluate the
condition and to assess treatment progréss.SCI, clinicians and sientistsuse
neurophysiological techniques to evaluatedbenectivity between the brain and the
peripheryfollowing aninjury on the spinal cordin the subsections below the main

neurophysiological techniques that are used to ass&lswill be explaired in depth.
1.10.1. Electroencephalogram (EEG)

Before describing the neurophysiological technique known as SEPs it is
essential to first introduce EEGEG, according to Piotr Olejniczals a graphical
representation that measures voltage generatedebsbral neurons over time
(Olejniczak, 2006)In SCI and for many other neurological diseases, EEG is used to

measure SEPs from the brain following a peripheral stimulus.

EEG is a nofinvasive measurement that involves placing surface scalp

electrodes aarding toa standard positioning system (theernational 120 syster
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and recording electrical activity of the brain while the participants sits comfortably in
a quiet and relaxed environment (Aminoff, 2012; Ozkul and Uckardes, 2002). The
international 10-20 system defines the placement of electroddsrred tofour
standard positions: nasion, inion and right and left preauricalargo(Aminoff, 2012)
(Figure.1.9.

EEG isalso commonlysal to monitor brain states for seizures, sleep dissrder
or following a head injuryEEG signals isecordedn microvolts with an amplitude
of around100 pV. Monitoring brain states involvdwe frequency band&@lpha(8-13
Hz), beta(13-30 Hz) gammg>30 Hz) delta(0.5-4 Hz)and thetd4-8 Hz)) (Valipour,
Shaligam and Kulkarni, 2014Alpha, beta and gamma are usually observed during
consciousness whereas delta and theta are observed during unconsciousness (Valipour,
Shaligram and Kulkarni, 2014).
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Figure1.9. Internationally recognised electrode placemen2l0 sy st em whe
represent the distance between the neighbouring electrodes. The position of the elect
determined by two anatomical positions the nasion, founddestwhe eyebrows and th
inion, a protuberance at the occipital lobe of the scalp. F, T, C, P and O refer to the lol
the brain: Frontal, Temporal, Central, Parietal and Occipital. The number following
brain location is the hemispheric location. &wv numbers refer to positions in the rig
hemi sphere while odd numbers refer to
the electrodes down the midline.

(image used with permission from
https://commons.wikimedia.org/wiki/File:International -20_system_for EE®ICN.svQ)
[Accessed 3 April 2021]

Of importance for this work, EEG is also used to measure SER$ \are
produced following a stimulation of a neural tract (Valipour, Shaligram and Kulkarni,

2014). These measurements evaluate SCI sensory impairment neurophysiologically.
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The amplitude of the SEP peak amplitude is around 10 pV, therefore, it is @ssenti
ensure high quality low noise data capture and thetusignalaveraging (Valipour,
Shaligram and Kulkarni, 2014; Markand, 2020; Aminoff, 20C3re also needs to be
taken on what recording format is used as SEP amplitude will vary depending on
whether it is recordetetweeran electrode and a common reference or between two
pairs of electrodes, these are known as monopolar and bipolar, respectively (Aminoff,
2012). The common reference point usually is placed on the ear but it can also be
placed an the head (Aminoff, 2012).

Moreover, in order to achieve good quality signals from the scalp the electrode
i mpedance needs to be below 5 kY (Ferre
electrode is high, then the resistance of current flow is high. [Eads to a low
signal/noise ratio in the EEG signal. Therefore, properly cleaning the scalp with
abrasive gels to remove the dead skin cells and then using electrolyte conductive gel
is an essential procedure to lower the impedance (Ferree et al., PAi@lgleaning
technique allows to electrically bridge the scalp and the electrode (Ferree et al., 2001).
It is time consuming and uncomfortable for the patient, especially when recording
from many channels (Taheri, Knight and Smith 1994).

There are alsorg active electrodes that do not need any skin preparation or
conductive gels (Taheri, Knight and Smith 1994). These electrodes are much faster to
set up and have a better signal/noise ratio (Taheri, Knight and Smith 1994). They are
beneficial to use forongterm continuous recording. However, active electrades

generaldo not perform better than passive electrduiesed on curreméchnology.

Also, for EEG recordings it is important to be aware of the two main sources
of noise: noise from the environmteor physiological noise and noise within the brain
from various other processes taking place. Physiological noise includes: blinking,
facial muscle movements and swallowing. Environmental noise originates from
electrical equipment generating 50 Hz orHBOnoise. To manage external noise, it is
best to eliminate these sources of noise from the recording area such as cell phones,
laptops, transformers or other equipment. Furthermore, electrostatic potentials can
arise when moving in the area where recagdiare being taken (Mathewson, Harrison

and Kizuk 2017; Aminoff, 2012). To control internal noise, it is essential to ask the
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participant to remain relaxed while recordings are being taken (Ozkul and Uckardes,
2002).

1.10.2.Somatosensory evoked potentiakSEPS)

Electrical activity in the brain can either be measured using continuous EEG
or as a form of an evoked potential in response to a triggered event. The evoked
potential is timdocked and occurs following a sensory peripheral stimulus which may
repeat to allow signal averaging. The amplitude of the evoked potential is very low
around 0.1 pV to 10 pV and requires for the signal to be amplified and processed

(Markand, 2020). Figure.1.10 displays a diagram of the equipment used to record and

Recording Analog signal Digital signal

electrodes
Display
ADC Averager /

Patient l
e Filters

—| Sampling |[——= -
LF, HF wquanlizationw L/N \

Patient stimulation Storage

Stimulator | =————— Trigger | =——

Figure1.1Q0 Equipment used to record evoked potentials. The data is recorded
recording scép electrodes. Then the recordings are amplified and filtered. The /
converts the signal to a digital signal and then several signals are averaged. The av¢
signal is then converted to an analog waveform taibealisedon the monitor. The analysi:
of the evoked potential can then be performed. Amplifier (Amp); LFf(eayaency); HF
(high-frequency); ADC (analogut-digital converter). (diagram used with permission fra
Markand, 2020)

process woked potentials. Themain challenge of evoked potential recordings, also
mentioned above, is theignal/noiseratio which is further reduced by averaging
several evoked potentials with respect to the stimulus on set times (Markand, 2020). It
is importantto keep in mind that the evoked potential waveform isdmoked to the
stimulus while noise is random (Markand, 2020). The noise decreases proportional to
the number of epochs in an average (Markand, 2020). Furthermore, there may be
artefacts such as hking, muscular movement or swallowing as they are not-time
locked to the stimulus their effect is diminished with averaging. Nevertheless, it is
good practice to scan through the data and reject any epochs with artefacts prior to

averaging.
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In SCI, SEPsire a norinvasive neurophysiological assessment tool that allows
scientists and clinical professionals to study the functional integrity of CNS pathways

that carry sensory information from periphery to the cortex (Macerollo et al., 2018).

Sensory fibregarry information of light touch, vibration and proprioception
The informationascend via the dorsal column of the spinal cofdllowing the
presentation of geripheral stimulus (Macerollo et al., 2018). Usually the median
nerve and posterior tibial nex are stimulated. Other ves include: the ulnar, radial

andperoneal (Macerollo et al., 2018).

SEPshave beemecommended to be used in the clinic as a neuronal processing
tool throughout the recovery stages following a SCI but only a small number of
international centrewith clinical neurophysiology expertisgo this testregularly.
Thereis a closeclinical collaboration among several spinal cord injegntresin
Europe (EMSCI) that work together to standardise the usa wfiderange of
assessmentools to evaluate SCI and monitor recoveBMSCI highlighted the
importanceof including functionatests that evaluate endurance, gait speed, functional
mobility and the amount of assistance required from devices as wilé ase of
neurophysiologicaltools (SER, MEPs and nerve conduction studigds) study
ascending and descending spinal pathways when assessing and monito(@grgCl
Schwab and Dietz, 2004).

Before taking SEP measurements, age, height, , upper limb length and weight
are parametersoasidered in research studies as they can influence SEP components
(Poornima et al., 2013). SEPs involve repetitive transcutaneous stimulation of a
sensory or mixed sensory/motor peripheral nerves. If the nerve is both sensory and
motor the stimulatioshauld be calibrated to theotor threshold. Motor threshold is
the minimum stimulation strength that causes a visible muscle twitch. In contrast, for
pure sensory nerve the stimulus intensity needs to be around 2 to 3 times the sensory
threshold a parameterthat is difficult to obtain in patients with sensory loss
(Kalogianni et al., 2018). Generally, mixed nerves are preferred bebayseiggera
reproducible muscle twitch response that cagumntified andccontrolled (Macerollo
et al., 2018).
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While simulating the periphery, changes in voltage are recorded using non
invasive surface scalp electrodes placed on the corresponding brain area. Recording
sites for median SEPs are found on the contralateral side of the brain, either around
the C3 area or C4rea of the international recognised-20 system (Poornima et al.,
2013). For median nerve stimulation, the anode is placed proximal to the palmar crease
and the cathode 3 cm proximal to the anode between the tendons of the palmaris
longus. Monophasic squeawaves ara@lelivered at a sufficient intensity in order to
produce a visible muscle twitch of the thumb (Poornima et al., 2013). The SEP
waveform occurs within 50 and 1068 or more. Epochs are averaged to increase the
signal/noise ratio and reveal thghase locked components in the EEG signal
(Poornima et al, 2013). The components of an evpkeential aredesignateaither
as P or Nwavesand these denote a positive or a negative polarity, respectiely.
you can see fronfrigure.1.1] the negative wee is usually plotted upwards and the
positive wave downward3$he number following the P or N is the laterdyhe wave
peakmeasured in msec. ThHagure.1.1] demonstrates several median nerve SEPs
recorded at different recording derivations (i.e. @) and the associated
Median SSEPs
N20

CPc-CPi W

P23
N18

CPi-EPc / § AGAL O

P14

N13

C5S5-EPc ‘QWM

N9

2uv

EPi-CPi

10 20 30 40 50
Milliseconds
Figure.1.11 Normal median SSEPs indicating certain compon@s® N13, N18, N20,
P23). N9 is the brachial plexus potential, N13 is tfervical cord potential, P14 arid18

are subcortical potentials and N20 an@23 are cortical potentials.gfaph used with
permission fronMarkand, 2@0, p.156)
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componentsi(e. N20). For standardisation purposes it is important to stimulate at the
same anatomical position when repeating SEP measures or if making comparisons
between patient&Example sites icludethe finger where the anode placed at most

distal phalange of the finger, the cathode at the second most distal phalange and the
inter- electrode distance is approximately 1 cm (Kalogianni et al., 2018} Ibtier

limb is studied usually the posterior tibial nerve is stimulaf@d posterior tibial nerve
stimulation, the cathode is placed between the Achilles tendon and the medial
malleolus while the anode is placed 3cm distal to the cathode (Cruse et al.,1982).
Recoding sites are found at Cz, CPz and Fz area of #2® Bysten (Tzvetanov,
Rousseff and Milanov, 2003).

SEPs are used to evaluate the peripheral nervous system and localise the
anatomical site of somatosensory pathway lesiBhert latency SEPs (SSEPs) refers
to the portion of SEP that occur within 25 ms for mediarve stimulation and 50 ms
for posterior tibial nerve stimulation (Tzvetand®ousseff and Milanov, 2003). The
recording is composedof peaks and troughs (Figure.1)1IThere are several
parameters of the waveform that can be analysed such as latea&yiop peak
amplitude and peripheral or central conductiome (Macerollo et al., 2018 hese
measurements are used to examine changes in neural activity (Poornima et al., 2012).

More information on this will be provided @hapter 3.
1.10.3. Transcranial magnetic stimulation (TMS)

SEPsare usefulin assessinghe conduction and excitability of the DCML
ascending sensory trath contrastTMS provides information othe conduction and
excitability of the CSTin healthysubjects and patients with neurological conditions
including SCI. In complete SCISJEPs are abolished below the level of the lesion
while for incomplete injuries it disturbs the conduction of the signal through the CST
resulting to slow andér reduced aplitude MEPs TMS also has many other
applications. For instance, it is used as a treatment for major depressive dizodder
bi polar disorder (O6Reardon et itanybe 2007

usedfor its potential to alleviate neypathic pain (Klein et al., 2015).
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TMS is a noAnvasive neurophysiological technique thatesnmonlyused to
activate motor areas of the brain. It involves stimulating the motor cortex either with
a single pulse or repetitive pulses. Brain stimulatidth the magnetic coil results in
a muscle twitch at the corresponding museteervated by the activated brain region
(Figurel.12). The muscle twitch ats EMG recodincknown as the MEP is measured
by surface adhesivEMG electrodes placedver the muscle belly (Hallett, 2000;
Groppa et al., 2012Yhe MEP is a measure of cortical and corticospinal excitability
(Eldaief, Press and Pasciadone 2013).

Cortical inferneuran TMS flgure-of-eight coil
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Figure.1.12. Trans@nial magnetic stimulation (TMS). The coil is placed over the mc
cortex and it produces an electric current that penetrates the brain and activates pyra
neurons. These neurones evoke descending volleys through the corticospinal trac
motoneirons where surface electrodes on the muscle belly measure muscle activit
response that is measured is called a MEBproducedvith permissiorfrom Klomijai, W.,
Katz, R. and Lackmyallée, A. (2015). Basic principles of transcranial magnetic st (TMS)
and repetitive TMS (rTMS)Annals of Physical and Rehabilitation Medicing8(4), pp. 208
213 Copyright© 2015 ElsevierMassonSAS All rights reserved.

The pioneers of MEPs aRenfield and Boldrewho localissd motor function
in the cerebral cortein 1937 by opening the skull and directly stimulating the brain
in conscious patients. In 1980, Merton and Morton were the firshdasurenon
invasive MEPs from conscious patients by using surface scalp electrodes that delivered
electrical stimulationto the lrain (Merton and Morton, 1980). Thigchniqueis
referred to as transcranial electrical stimulation (TES), and provides direct stimulation
of neurons also known as direct waveswBves) (Nakamura et al.,1996). TES

requires electrodes being placed dingath the skinand is bothuncomfortable and
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painful for subjects as it requires a higtensityof stimulation since the current flow

is attenuated by tissue (Ellaway, Davey and Ljubisavljevic, 1999). Furthermore, it
activates local small myelinated axarsd unmyelinated axons of free nerve endings
in the skinresulting in pain(Ellaway, Davey and Ljubisavljevic, 1999; Hallett, 2000;
Rossini et al., 2015; Merton and Morton, 1980).

Baker et al. at the University of Sheffield in 1985 developdde wfost | d 6 s
TMS, creatinga noninvasive and painless test that is used today in the clinic to assess
CST excitability (Hallett, 2000; Rothwell et al., 1991). The Thtfpercoil is well
insulated using plastic and it is placed on the scalp at the region Wwadmain motor
area is located, which is near Cz (Groppa et al.,, 2012). For stimulation, the
experimenter selects the strength of the stimulus and presses a switch to discharge the
capacitors (Ellaway, Davey and Ljubisavljevic, 1999). The advantage ofi3 kh&t
it can penetrate tissues regardlesshear electrical resistance. The stimulation uses
the same mechanism as electrical stimulation. They both induce an electrical current
in neuronal tissue (Groppa et al., 2012). Furthermore, the magnetioesihdt need
to touch the scalp and thysieparation of the skin is not required. However, it is
recommended to place the coil directly on the scalp since any increase in distance
decreases exponentially the electromagnetic field induced in the brappgGebal.,
2012). A limitation is that the current produced by the coil also heats it up, which can
degrade coil performance during repetitive TMS stimulations (Rossi et al., 2009). To
combat this problengoils with cooling systems have been developed.

As mentioned, during stimulation the device discharges a capacitance through
the coil (Rothwell et al., 1991). TMS wo
rapidly changing magnetic field from the coil, which reaches an electric current of 2
Tesla inless than 1ms, induces an electric field in the brain (Ginhoux et al., 2013;
Hallett, 2000; Rothwell et al., 1991; Groppa et al., 2012). As a result of the
electromagnetic field individuals with metahgmentsor electronic device implants
should not bexposed to TMS (Fang et al., 2019).

Following stimulation, the electric field in the brain leads to either the
depolarization or hyperpolarization of neurons. When these neurons are depolarised it
either causes anterograde or retrograde propagation oh gutentials. The action
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potential induced in cortical axons is propagated to cortical and subcortical areas,
travelling along the CST arttie peripheral motor nerve (Groppa et al., 2012). More

information is available i€hapter 5.

The TMS stimulugpulsecan be monophasic which involves a strong current
flow with a magnetic field of 1 to 2.5 Tesla at around 50 us and the return of a
dampened current that has no effect in the brain or biphasic which is similar to the
cosinewave, a rise followed by the reverse current and a rise again (Groppa et al.,
2012). The monophasicpulse activates one type of neuron whereas biphasic is
capableof activating both inhibitory and facilitatory neuronal populations (Arai et al.,
2005). Furthermore, having a fixed stimulating intensibiphasic single stimulus
creates a larger peda-peak amplitude compared to monophasic (Arai et al., 2005; Di
Lazzaro et al., 2001).

The intensity of the TMS pulse can affect the focality of stimulatieor
instance, a stronger TMS pulse activates a greater area of neuronaldispaeedo
a wealpulse This means higher stimulation intensit@esless region specific (Knecht
et al., 2005). It is important to mention that a lower stimulus intersibheeded to
activatethe hand areawvhereas a higher intensity is required to activate leg area. This
is because the latter is found deeper in the brain at the interhemispheric fissure which
is 3 cm in distance from the scalp where the coil is placedpfiaret al., 2012 As
the distance between the coil and the target area increases the intensity of stimulation
also needs to increase because the strength of the electric field in the brain is attenuated
with an increase in distance and this in turn a$féleée focality of stimulation (Deng,
Lisanby and Peterchev, 2Q1Groppa et al., 2012; Knecht et al., 2005).

There is a rangef coil shapes availablgiving scientists a choice depending
on whether they desire depth of penetration or focéligng Lisanby andPeterchev,
2013).Available coilsinclude: round coibf variable diameter, figuref-eight coils
and the doble-cone coil (Figure.1.13 Theround coil was the firshonfocal coll
manufactured (Ellaway, Davey and Ljubisavljevit999 Deng, Lisaby and
Peterchev, 2013)n this coil, coilorientation changes the magnetic stimulation from

clockwise to anticlockwiseA clockwisecurrentfavours the activation ahuscles on
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the left side of the body whereas anticlockwise current activates bettdesmosche
right (Figurel.14) (Rothwell et al., 1991).

\‘”‘f) 2

’ Circular coil ] ’ Figure-of-eight coil } ‘ Double cone coil ‘

Figure.1.13 TMS coils. images taken from the Magstim websii#h permission from
https://www.magstim.com/reen/productcategory/coils) [Accessed on 18 Januar
2021]

A focal coil design was first developed by Ueno et al. in 1988, which involved
a pair of circular coils with timgarying magnetic fields where their current travels in
opposite directions. The Igest current is located at the intersectibthe two circular
coils (Ueno, Tashiro and Harad®88). Then Yunokuchi, Cohen and Cuffin improved
the figureof-eight coil design by making it more focal and smaller (Cohen and Cuffin,
1991; Yunokuchi and Cam, 1991; Ellaway, Davey and Ljubisavljevic, 1999).
Furthermore, rotation of this coil by 180° changes the current direction at the
stimulating site (Figuré.14) (Groppa et al., 2032 The doublecone coil is
specifically used to stimulate deeper in tluetex at the central sulcus and thus an
attractive coil for lower limb muscle activation. It is similar to the figafeight coil
but the windings are angled by 100 degrees (Ellaway, Davey and Ljubisavljevic
1999).1t is placedto encompass thearticipantshead between the two coils (Terao
and Ugawa, 2002) o stimulate the hand area, the juncture of the figdteight coil
is placed 5 cm lateral and around 1 cm anterior to the v@Bppa et al., 2001}t
is important toangle the coil 45 degreds the parasagittal plane so the electrical
current runs perpendicular to the motor area in the precentral sulcus (Groppa et al.,
2001). Figurel.14 provides a diagram for stimulating the first dorsal interosseous
muscle of the hand using either the rdwoil or figureof-eight coil Othercommon
muscles studied on thupper limbsareabductor pollicis brevis, abductor digiti minimi,
flexor carpi radialis, extensor carpi radialis, biceps and del@idgpa et al., 2001).
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As mentioned earlier MEPs in legusclesare challengingto obtainbecause
of ther representation in thbrain, deepn the cortex The motor area for the lag
around tmto 2 cm to the midline posterior to the ver{&roppa et al., 2001). The
stimulation threshold is higher compatedhe upper limb in order to reach the cortex
area assigned to lower limb muscles. A good muscle to tartfee legis the tibialis
anterior because of its larger representation in the motor cortex compared to other leg
muscles (Groppa et al., 200Epr lower limb activationthe doublecone coil is most

frequently used (Kesar, Stinear and W20,18).

ﬁrinsic muscle of the left ham Intrinsic muscle of the right htm
(left first dorsal interosseus muscle) (right first dorsal interosseus muscle)

K TMS of the right M1-HAN D/

@) e WA =T~
\ TMS of the left M1-HAND /

-
Optimal current direction in the coil:
Approximate location of M1-HAND:

~
anterior-to-posterior current flow
5 c¢m lateral and 0-1 cm anterior

L relative to the vertex )

Figure.1.14. TMS to activate the first dorsal interosseous muscle (FDI) using either the |
coil or figure-of -eight coil on the left hand and right hand. The arrows show the direction of
current flow. Primary motor cortex (M1). (illustration used with permission from Groppa et
al., 2001)

1.10.3.1.Reliability of MEPs

The eliability of TMS evoked responses is affected by many faatetsding
background activation of muscles, error dail positioning, habituation effedfa
decrease in response to the stimulus resulting from repestiveulationg and
constant fluctuations in neuronal excitability at the time of stimulation (Kesar, Stinear
and Wolf 2018; Darling, Wolf and Butler, 260 Kiers et al., 1993). Reliability has
been tested by the tedtest method and assessed using the-ahdiss correlation
coefficient (ICC) (Ngomo et al., 2012; Carroll, Riek and Carson, 2001; Malcolm et al.,
2006).

Overall, reliability estimates of egpmental data are very important for
research as it allows the experimenter to decide if the measurements have value, by

determining instrumental and/or rater reliability (Bruton, Conway and Holgate, 2000).
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To accurately describe reliability, included éerthe definition from Oxford English
dictionary reliabiltyis6t he degree to which the result

or specification can b eOxfbrd greglisid dicionaryon t o
2021).Reliability is mathematically calculed as followst ‘Q & "Q¢ 0 “Q&—Qwhere

0% = variance, s= subject, e= error (Streiner, Norman and Cairney, 2015, p.159).

ThelCC index measuresliability by taking into consideration both the degree
of consistency and agreementarg ratings (Streiner, Norman and Cairney, 2015,
p.9-10; Burton, Conway and Holgate, 200R)is different to the Pearson correlation
that only considers the degree of covariahC€ is a statistical tool that measures the
reliability in testretest intaraer and interrater reliability within a class of data and has
a value between 0 to 1 where 1 relates to excellent reliability (Koo and Li, 2016).
Please refer to Figurel5from Koo and Li (2016) that uses a flowchart to nicely

describe the process dfioosimg the bessuited ICC model foanalysis.

31



Inter-rater
reliability

Test-retest/
Intra-rater reliability

Same set
of raters
forall

Intended
Intended

measurernent
measurement

protocol?

protocol?
Based on mean of
multiple measurements

Based on single
measurement

Based on Based on mean
single rater of multiple raters

Mean of k

raers

Absolute
agreement |
. _sas Absolule

Figure1.15. Flowchart for choosingthe intraclass correlaibn coefficient (ICOnodel
suitable for youmnalysis. diagram used with permission fragoo and Li, 2016)

Consistency

ICC was developed by Fisher in 1954 (Fisher, 1954; Koo and Li, 2016).
Generally speaking, in ICC, random errors needs to be small gnsugmat the
experimental resultare not maske(Liljequist, Elfving and Roaldsen, 2019; Bruton,

Conway and Holgate, 2000). When unwanted variance is large the ICC value will be
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below 0.5 which means that the study has poor reliability (Liljequist, Elfving and
Roaldsen, 2019; Koo and Li, 2016\When reporting ICC uslly studies report the
ICC value along with the 95% confidence interval (Koo and Li, 2016).

Malcolm et al. in 20060bservedhat size, location and excitability of MEPs
are overall reliable measures (also suggested by other sthdiet)ey are direcl
affected by the muscle beisgudied (Ngomo et al., 2012; Carroll, Riek and Carson,
2001; Malcolm et al., 2006). Furthermore, to obtain scientifically reliable TMS data,
studies need to take into considema the unique size and shape of the cranium and
the location and orientation of the anatomical structures in the brain of the individual
(Ginhoux et al., 2013; Ruohonen and Karhu, 2010; Fang et al., 2019). Usoally
positioning of the coil is based on external landmarks on the head and by trfyiray to
the best coil position using trial and error (Fang et al., 2019). This techisique
restricted to a twalimensional grid of its bony landmarkesd this causes a distortion
when a threelimensional map is embodied on a tdimensional coordinate syste
(Krings et al., 2001). The variability of structural anatomy among subjects makes it
challenging to compare subjects and establish structure to function correlation (Krings
et al.,2001).Furthermore, a small change in the location, orientation or angfithe
coil on the scalp can lead to significant changes in the electric field produced in the
brain up to a factor of two (Danner et al., 2008; Knecht et al., 2005). The following

section willdiscussadvantage of using navigated TMS systénTaVIS).
1.10.3.2.Navigated TMS

In clinical applications it is important for TMS stimulation to be accurate and
reproducible. NnTMS is an attractive option which guides the magnetipasition
with respect to the cortex in real time (Ginhabal., 2013; Ruohomeand Karhu et
al., 2010; Hannula et al., 2005; Harquel et al., 2017¢othmonlyuses magnetic
resonance images (MRandconsiderghe geometry of the head to create a 3D cortex
mapping modelThe head geometry is obtained using a digitisedtpedentfy and
mark outspecific landmarkgFang et al., 2019). Then the MRI image is aligned with
the head geometry (Fang et &019). Head location and movement as well as the
location, orientation and angling of the coil are monitored using markers that are

trackedusing motion capture equipmefRuohonen and Karhu, 2018andrg 2017,
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p. 4).This allow fora graphical interface of the position of the coil with respect to the
parti ci ptbetréagedansisuaised In addition to these parameti¢r@so
considersthe shape and wiring of the copper coil. With this information the
distribution and strength of the intracranial stimulating field can be calculated in real
time (Hannula et al., 2005). Furthermore, this navigated sysé#nsavehe deged
location of the coil and thus, stimulati@an bemace reproducible (Harquel et al.,
2017; Hannula et al., 2005). Figurel6 nicely illustrates what has been explained
above regarding nTMS.

-

&

4, nTMS shows E-field -

1 Tool locations in optical position created by coil on \-’,‘ Z>
sensor 3D coordinates MRI 3D model N

0\‘% (\m .

24 Translatlon to ;
head tracker and coil 5 &
relative coordinates -

~3.show landmarks to combine head
tracker to patients head. Registration
algorithms then link MRI’s and the
subject’s head coordinates

Figure.1.16.Navigated TMS (diagram used with permission from Sandro,)20

Motor mapping using nTM8an be usegrior to surgery hashown to produce
higher survival rates in patients with brain tumours and can be pairedii¥iision
tensor imaging fike tracking (DTHFT), a technique that is able to show white matter
subcortical pathwaysR@ffa et al., 2016; Rizzo et al., 2014; Riehal., 2013; Fang et
al., 2019)The next step in innovation is the TMS coil controlled by a robotic adm su

as the one seen in Figure.1dy’Axilum robotics.
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Figure.1.17 Axilium Robot(image used with permissidrom
http://www.axilumrobotics.com/en/tansbot-features/) [Accessed on 10 March
2020].

An alternativenavigation system for TM3s known asStimTrack an open
source softwaravritten in C++ language, and used for manual TMS coil positioning
within and between sessio(smbrosini et a., 2015). Moreovat,is compatible with
all types of coils Ambrosini et al., 2015). It uses an optical tracking system called
PolarisVicraand ef | ecti ve markers. Reflective mat
forehead and the stimulating coil to monitor the position of the coil relative to the head
(Ambrosini et al., 2015). The accuracy of the coil is around 0.7 mm for translation and
<1° for rotation which is similar to the manual navigation systems that are available,
such as Brainsight (Ambrosini et al., 2015). Furthermore, this software responded
with an ICC value of 0.9 for intrand intersession reliability (Ambrosiret al., 2015).
Furthermore, Peri et al. (2017) used this system to study theantlantersession
reliability of rapid TMS stimulation. The study was conducted on 24 healthy
participants and measured the motor threshold, area under the stimulus response curve,
the maximum MEP, stimulation intensity midway MEP max and MEP min (150), the
slope in 150, MEP latency and silent period. For these measurements the study reported
an ICC value of around 0.8 to 0.9 (Peri et al., 2017).

To conclude, neurophysiological tests adgacent assessments above physical
examination for clinical prediction and monitoring of functional recovery following
SCI. Neurophysiological tests can be used even within 2 weeks following SCI and can
give useful information regarding the completenesmjory that cannot be judged
simply by manual muscle testing. Alsbey provide means to study plasticity during

recovery or rehabilitation.
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1.11. Ways to induce neuroplasticity in SCI

The consequences and degree of recovery following SCI is depemdtre
site of injury, the extent of the insult (incomplete or complete S@he age of the
patientas well as access to appropriate rehabilitation trairh@ disrupts axonal
pathways causing impairments in segsanotor and autonomic functisribelowthe
site of insult. The focus of rehabilitation is on the recovery of circuits that were lost
following SCI (Fawcett et al., 2006).The CNS is capable of plastic changes or
structural remodelling such as normalization of reflexes, axonal/dendritic sygyouti
neurogenesis, synaptogenesis, upregulation of neurotransmitters/neurotrophic factors
and alterations in gene expression (Lynskey, Belanger and Jung, 2008

Exercise, cell transplantation, amflammatory drugs and electrical
stimulation are some ofthe methods that encourage neuroplasti¢ltynskey,
Belanger and Jung, 2008). Exercise promotes recovery in motor function for both SCI
and stroke patients (Sandrdweinberg and Houlé, 2015; Langhammer et al. 4201
Animal models of SCI have implied thatain-derived neurotrophitactor (BDNF) is
upregulated following exercise. This is a neurotrophic factor that binds to tyrosine
kinase B receptor (TrkB) and is associated with encouraging neuroplasticity,
neuroprotection and neuronal grow@afraway andHuie, 201§. BDNF may also be
associated with the IHT and more on this will be discusseditatee report Other
means of promoting recovery is the use of functional electrical stimuléfies)
which ha beershown to improve intralimb coordination averground gait training
(Lynskey, Belanger and Jung, 2008J.triggers a variety of cellular and molecular
pathways and there is evidence that it may also upregulate of BDNF and TrkB

expression (AMajed, Brushart and Gordon, 20p4

Other possible appaches for rehabilitation of the elderly group of patients are
cell transplantation and pharmacological interventions. Cell transplantation approach
focuses on replacing lost or damaged cells following the injury or enhancing
regeneration at the site afjury by secreting high concentrations of neurotrophic
factors (Li and Lepski, 2013; Dasari, 2014). This is accomplished by transplanting a
wide variety of stem cells, neural progenitors and glial cells (Li and Lepski, 2013;

Dasari, 2014). Embryonic stepell-derived neural stem/progenitor cells (NS/PC)
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have shown to replenish lost neurons and blih an immune response can reject the
graft However, therarealsoethical concerns with the use of embryonic stem cells.
In contrast, pluripotent stem celerived NS/PQmnay that are generated from adult
somatic cells anthen differentiated to NS/PC lead to tumour formation due to their
proliferation capacity (Deng et al., 2018 Overall, despite the promise of future
treatmentghere is currently no efféige and safe treatment using stem cells for SCI

recovery

In terms of pharmacological interventions, there are currently no drugs
available that facilitates sprouting of severed axons but researchers are studying
potential drug targets. For instance, tise of epothilone Dds beershown to promote
regrowth of severed axons by reducing the production of inhibitory factors at the lesion
scar (Tica, Bradury and Didangelos, 20Q18Another example is the use of the
chondratinase ABC enzyme that degrades ilmtory chondroitin sulphate
proteoglycans@SPG$ (Rosenzweig et al., 2019). CSPGs affects negatively the repair
process of the SCI lesion scar by affecting processes such as neural survival and
synaptogenesi@Karimi-Abdolrezaeeet al., 2010). Furthermey the combination of
transcriptomics, proteomics and bioinformatics have been used to identify possible
drug candidates for SCI therapy (Tica, @uay and Didangelos, 2018)nother way
to encourage plastic changes, without the need of vigorous rehatrilitapotentially
IHT. During this treatment, the patient sits comfortably while they breathe, through a

mask,various concentrations of oxygen provided by a normobaric hypoxia machine.
1.12. Rehabilitation methods

Rehabilitation for SCI patients istai since paralysed musclesd bones
undergo atrophfHamid and Hayek, 2008\s a result of osteoporosis, fractures occur
during bed transfer and falls increasing morbidity and mortality i@asinghigh
healthcare costs (Jiang, Dai and Jiang, 2066jthermore, a sedentary lifestyle
increases the likelihood of the patient developing hyperlipidaemia, obesity and

diabetes. This can result in cardiovascular dis@dgers, Lee and Kiratli, 2007).

37



Following SCI, the functions below the level of injuryeadisrupted. The
amount of residual functiothat remainslepends on the level of injury and whether
is complete or incomplete-or instance, a lesion in the cervical level leads to
tetraplegia while a lesion in the thoracic level leads to parapleigian(o et al. 2003;
Wong, Shem and Crew, 2012). For more detailed examples please i€fapti@r 1
Section1.6. where it explains different levels of spinal lesions and the associated

complications.

Tablel.3. Spinal cord injury rehabilitation approash(table used with permission frol
Pons, RayaGonzalez, 2016.70)

Severity

Treatment

| Goal

Current state

Complete

Compensation by

ADL independence

Established

SCI(AIS A) assistive devices (such as
BCI)
Neural repair Low level of motor Still in translation o
function (hand or human
locomotor)
Incomplete Epidural electrical or Low level of motor Still in translation to
SCI(AIS B/C) pharmacological function (hand or human
stimulation. locomotor)
FES (Functional Tenodesis grasp Established
Electrical Stimulation)
and orthosis
| Assisted stepping Established

ISMS (Intraspinal Restore limb function

Microstimulation)

Still in research

Intracortical Restore sensation Sull in research

Microstimulation
Established

Incomplete Functional training Active hand function

SCLIAIS C/D)

Restricted locomaotor Established

Tunction

Activities of daily living, ADL; BrairComputer Interphase (BCI)

The priority needs of tetraplegic patient are different to a paraplegic patient,
one is interested in recovering upper limb function so they can perform basic tasks
required for daily living while the other is interested in recovering lower limb function
andbecoming indepatent(Pons, Raya, Gonzéalez 2016). Therefore, rehabilitation is
focussed on recovering function of upper and lower extremities but tailored to the
needs of the patient. Restoration of mobility improves performance of daily living
activities and most impomdly the quality of life. As explained above the severity of
injury governs the rehabilitation approaches that are applicable for the patient. For
instance, a patient with18 A, refers to complete SCI. Therefore, assistive devices

such as wheelchairs aeaoskeletons can be used to help with activities required for
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daily living. In contrast, rehabilitation for a patient with incomplete SA5(B/C)

will focus on motor functiongrasping and restoring sensat{®ons, Raya, Gonzéalez
2016, p.70). Pleaseferto Tablel.3 wherePons, Raya, Gonzalez (2016) clearly list
the severity of SCI and treatment methods applicable for each in order to achieve
specific functional requirementsThe following paragraphs willdiscuss two

treatments available which araigtraining and electrical stimulation.
1.12.1 Gait training

The main form ofehabilitation for SCI is gait training or locomotor training
and it is believed that repetitive and intense training can lead to functional recovery
(Lam et al., 2012; Harkema et al., 2012). There are a variety of gait training
rehabilitation methods foBCl patients such as assisted egeyund training or
treadmill training, but these are costly in terms of staff numbers andUisoally in
the clinic, assisted ov@round training is performegquiring stafto providepostual
support andassist inguidingt h e p at idwimgtedcls stepreiggisdifficult and
tiring work for both staff and patienand in thosandividuals with poor postural
control andwalking ability multiple therapistsnay be regiredto a@tendin asingle
theragy sessionwith relatively few steps attaineg@winnen et al., 20100verall,
intensivegait trainingincorporatinga high number oftepsimproves posture, balance,
standing, and walking (Harkema et al.,201@&pit training successfully utilises
patterned sensory feedback frdimb proprioceptors during stepping motion to
entrain elerants ofspinal locomotorcentral pattern generators (CP@&sken in the
absenceof corticospinal drive The CPGs is an intrinsgystem of neural etwaks
within the spinal cord that allows autonomaast-like rhythmogenic activity. In gait
training, the patteredrhythmic proprioceptive feedbadkom limb movementaises
the excitability ofthese networks/hich over a prolongederiod ofintensive training
(daily for 1 hour over8-10 weeks)can lead to themproved walking capability
(Harkema, 2012, Harkema, 2008, Duysens and V&ralmmert, 1998)}-urthermore
gaittrainingimprovesglucose homeostasis glucose is fuel for contracting muscles
and as mentioneehrlierdiabetes is ask factor for SCI patients (Phillipet al., 20@4).
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Figure.1.18. Lokomat device by Hoconfamage used with permission from
hocoma.com/solutions/lokom2t) [Accessed on 19 January 2021]

An example of this form of gait training is body weighipported treadmill
training (BWSTT) which has shown to provide functional recovery in SCI patients
(Wessels et al., 2010; Lam et al., 2012). The patient can start this reliahiltefore
they can fully bear their weight. It requires therapists to guide theiidemsvalking
patternon the treadmill while a harness holds the patianan upright position
(Wessels et al., 2010; Harkema et 2012). In a systemic review lhyam et al. 2012,
which examined seven articles that used thereguist robotassisted BWSTT on iSCI
patients, they summarised that the treatment interesityed from60 to 300 minutes
per week and the duration of the treatment ranged from 3 to 23 \{lewkset al.,
2007).In a systematic review by Santo et al. 2@thWsassuggested that BWSTT may
improve nusculoskeletal systerfunction in both acute and chronic stages of SCI
patients. BWSTT has been shown to provoke an increase insgctésnal area dég
muscles by 2% to 16.8 %by increasing trophism of type lla and lIx fast twitch
musclefibres(Santo et al., 2015). These improvements in musculoskeletal system
directly correlated to the enhancement in treadmill performance and walking speed
(Santo et al., 2015).

Another form of body supported training is performed in the water, known as
hydrotherapy or aquatic/water therapy, and it can be beneficial for spasticity (Zamparo
and Pagliaro, 1998; Kesiktasal, 2004). In addition to reducing sp&dly, it has been
reported that it improves gait kinematics underwater and cardiorespiratory capacity

(Ellapenet al., 2018). In terms of treadmill training, robedigsisted gait training
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devices (RAGT) have been devxobkelggomthat For
helps guide the legs during treadmill training (FiglrE3). It reduces workload on
therapist, provides synchronised movement and it is used to assess the progression of

motor recovery (Jezernik al., 2003; Banala et al., 2008
1.12.2.Electrical stimulation

Otherdeviceghat assist inehabilitation are thevearableslectrical stimulation
devices.Examples of this arEESdevices and their controllels/passes the spinal
cord circuitry by stimulating peripheral nerves to geneeateusle contraction of
paralysed muscles. FES is used to stimulate nexweisivasivelyrather than directly
stimulating muscles because less current is required for nerve stimulation to generate
an action potential (Rushton, 2003). Therapeutic benefits ofikdi&le: the ability
to provide assistanceluring standing or walking, improving muscle strength,
enhancing flexibility, increasing range of motion aimmd some casesmproving
spasticity (Rushton, 2003). Furthermore, it can assist with respiration ared bow
bladder voiding and lorterm FES coupled with rowing in chronic complete SCI
patients has shown to attenuate bone loss as well as imgpardiac functiorand
fithness(Hamid and Hayek, 200&ibbons et al., 2016; Gibbons, Beaupre and Kazakia,
2016. Therefore, there armanyapplications and benefits of FES. There are also FES
robot assisted devices that focus on restoring fine motor skills for tetraplegics. An
exampleincludes theFreehand Systeminitially manufactured by NeuroControl
Corporationin USA, thatwasdesigned to stimulate muscles of the hand and arm to

assist tetraplegic SCI patients with an injury at@&%(Mulcahey et al., 2004).

Anotherway to deliverelectrical stimulation isia an implantable device that
sits over the spinal cd itself and candrive locomotor activity, this device is called
epidural stimulation. Epidural stimulation activates spinal circuits without thefoeed
directbrain control For a 23yearold man with paraplegia from a &7 subluxation,
epidural stimiation enabled him to bear his weight and facilitated stepping (Harkema
etal,2011). Thereis also an option of transcutaneous stimulation that does not require
surgery andthe complications that may arise. It is important to mention that
locomotion iscontrolled by the central pattern generatatese rhythm generation

circuits are locatenh the lumbosacral spinal cor@entral pattern generators are neural
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circuits that have potential to generate rhythmic movements such as walking without
the need oh sensory orcortical input. Tanscutaneous electrodes are placed on the
skin over the lower thoracic and/or lumbosacral vertelg@easimenko et al., 2015).
Similar to epidural stimulation, transcutaneous stimulation leads to rhythmic stepping
movements.Furthermore, it haslso been shownto be effective in improving
spasticity (Sivaramakrishnan, Solomon and Manikandan, 20X8)wever, this
approach to rehabilitation remains experimental and considerable development

remains to be done before such devizesome part of standard SCI rehabilitation.
1.13. Common tests to study recovery

This section will provide a brief explanation on measurements commonly used
in SCI studies to investigate ambulatiorS€I patients following an interventicsuch
as eletrical stimulationand gait training They includethe sixminute walk test
(6MWT) and teametre walk test (LOMWT)Alexander et al., 2I0). The 6MWT was
standardied by the American Thoracic Society Pulmonary Function Standards
Committeeand measures tltkstance the patient can cover walking fast for 6 minutes
(ATS board of Directors). In contrast, the 10MWT is timed for 6 metres using a
stopwatch, two meters before and two meters after are used for acceleration and
deceleration (Hirschkt al., 2014).

To study static and dynamic balance in SCI patients, studies use the time up
and gotest (TUG) (Zakaria et al., 201%an Middendorp et al.2009). This test
requires the patient to riseofna chair, walk for 3 meters, turn around, walk back and
sit down while measuring the time it takes for the patient to complete this task. This
test allows patients to use their assistive walking aids. Furthermore, studies also
investigate muscle strength. A type of muscle strength measurement of the lower limbs
is the ASIA lower extremity motor scores (LEMs) aridese measures have been
shown to correlate with ambulatory capaci®hin et al., 2011)These testare
mentioned here because they have shown to have a good validity and rebaloility
provide a way to compare@utonomy from clinical trials focesd on lower limb

recovery of functior{fVan Middendorp et al., 2®).
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1.14. Changing demographics directs research to nevehabilitation approaches

SCl is an irreversible condition that impacts ZB0D to 500000 indviduals
annually around the word (WHO, 2013). Severahabilitation methods were
mentioned above and they grathwaysfor SCI patients taegain mobility and to
improve their quality of life. The main treatments available are exercise based, such as
locomotor training BWSTT andresistance trainin¢Gregory et al., 2007; Wessels et
al., 2010; Behrman and Harkema, 2000). These forms of rehabilitation are high in
intensity, expensive and requuedicatedrained staff to get a significant functional
improvement Carpino et al., 208). Robotic assisting devices have been developed
and they do redudberapist time commitmeifitom therapists as wedls theimumber
of therapists required for rehabilitatitlining Theyarethereforemore costffective
thanconventional rehabilitatigiout they require high levels of activiggarpino et al.,
2018) However, investments in such devices by-nesearch active clinics remains
low meaning that relatively few SCI gain exposure the best advances in

rehabilitaton medicine

As mentioned inChapter 1 Section 1.2over the past few years the
demographic trend f&8Cl has changed and predominantly elderly patients with SCI
are admitted to hospitals where once wgreng adults\WHO, 2013; Jackson et al.,
2004; Wirz and Dietz, 2012T.his has been reported across all developed economies
where theréas beeimcreased life expectaneynd demographic changeherefore, it
is evident that we need a different model &fl 8are pathway. A treatmentethod
that has the potential to change SCI caréHi§ but even though it has shown to
improve motor function inSCI patients, there is little known about its mechanism of

actionor its safety.
Intermittent hypoxia : A new rehabilitation method for SCI?
1.15. Intermittent hypoxia: Severe to mild

Intermittent hypoxia is not a new concegypoxia training arose before World
War Il in the Soviet Uniorio acclimatiseSoviet pilots(Serebrovskaya et al., 2002).
However, it is mosbften associated with a serious medical condition known as

obstructive sleep apnea (OSA) (Mahamed and Mitchell, 2007). This syndrome is
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described as severe exposures to intermittent hypagaordingto a review by Dale,
Mabrouk and Michell (2014) OSAS characterisd as 5 to 100 emsdes per hour with

10 to 100 s gxosures of hypoxia. In contrastyrald to moderate IHT used to treat
iISCI patients involves 15 cycles of repetitive alternating exposures of 1 to 1.5 min of
hypoxic (FiO2= 0.09) and 1 to 1r&in of normoxic (FiO2=0.21) air (Trumbower et

al., 2012; Trumbower et al., 2017; Navarr€pazo et al, 2017; Hayes et al., 2014).

In OSAthe upper airway dimension narrows during slieggling to frequent
pauses in breathing, snoring and several awagenduring thenight (Levy et al,
2015). Frequent pauses of breathing causes frequent drapteiml oxygen. This
drop in oxygen damages blood vessels, increases heart rate and increases blood
pressure. Medical complications associated with OSA inclhgpertension,
arrhythmias, coronary heart disease, atherosclerosis and stroke (Levy et gl., 2015
Treatments for OSA consists of mandibular advancement device that is worn in the
mouth during sleep or a continuous positive airway pressure (CPAP) deaice th
pumps air under pressure through a mask to maintain airway patency. Both of these
treatment options aim to stop the airway from collapsing during sleep and they can
help resolve or ameliorate cardiovascular complications associated with OSA.
However, tey do no treat the underlying condition which is often linked to obesity

and lifestyle.

Unlike the prolonged hypoxia experienced by OSA sufferarsild to
moderate form of IHTs recently being explored for its potential in indugntgsticity
in somaticmotorpathwaygdMahamed and Mitchell, 2007; Golder and Mitchell, 2005;
Mitchell and Terada, 201 T;rumboweret al, 2012. As defined earlier, plasticity is
the ability of the CNS to make some adaptive changes in response to a stnchus
asintermittent hypoxia.The idea to explore the benefits of IHT on motor function in
iISCI patients arose followingxtensiveresearchon| HTés abi |l ity to
synaptic inputs to phrenic motor neurodsumbower et al., 2012)Subsequently,
scientists noticed thdHT provided functional benefits on iSCI patients and assumed
that a similar cascade of events that induced respiratory facilitation in animal studies
may also stimulate plasticity on somatic motor pathw@yambower et al., 2012;
Trumbower et al., 20385andhu et al., 2019; Naidu et a., 2020; Hayes et al., 2014;
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NavarreteOpazo et al., 2016b; Navarredpazo et al., 2017; Lynch et al., 20I6he
studies, howeverhave usedslightly different IHT protocols as well as different

delivering methods of IHWhich have made comparisons of results challenging.
1.16. Delivery methods: IHT

Studies either useommercially available autorted machines or manual
switchedpressurisedas cylinder systesito deliver the treatmefiNavarreteOpazo
et al.,2017; Tan eal., 2020).The automated device that provides the alternating
concentrations oinspiredoxygen is known as hypoxicator This device delivers
breathable hypoxic air with adjustable oxygen concentration, it monitors saturation of
oxygen in the blood ah ventilation rateand can incorporate a safety -cit
mechanism. Thexperimenter can also adjust the exposure time to the treadment
level of inspired @prior to training sessiongutomated machines are preferred over
manual systemisecausenanualsystems have inefficiencies in dose timing, flow rate

and fractional inspired oxygen (FXp(Tanet al.,2020).

Some devices have an inbuilt hypoxic test tzett evaluatéhe response of the
individual to hypoxia. During the hypoxia test the individislprovided with low
oxygen level via a breathing mask connected to the device that provides various
concentrations of oxyge(Bassovitchand Serebrovskaya, @9. The individual
breaths through the mask for several minutes until they reach a baselin&e@&d0
usually around 85% SpQthereafter the inspired-Qevel is returned to normal and
the time forthe recovery period is recordethis measure of recovery rate githe
experi menter an toleranae andtactibritcehypoxicaireathimpu al 0 s
(Bassovitch and Serebrovskaya,090 Such method can be used irclinical
assessments in order adaptthe IHT treatment according to subject tolerance to

hypoxic exposure.

Tan et al. (2020) completed a studyexaminavhether the performanad an
automated hypoxia machine while controlling the intervals of intermittent hypoxia
using a microcontroller is bettavhen compared tca manual system. This study
examned the dose timing, flow rate andriation of fraction of inspired oxygen

(FiO2). Themanual system requires switching of gas chambers and this carthraake
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treatmentdoseinconsistent. This inconsistency affetitie ability to compareesults
between labs (Taet al.,2020). The overall findings of this study are listed below:

1) Less a&curacy in dose timing with the manual system because of errors
during the switch of gasses. The automated machine had a 63.3% higher IHT
dose delivery timing.

2) Automated system provided 62.7% greater flow than manual system
(p<0.001).

3) Variation in FIQ was significantlyreducedin automated systesnthat
incorporate a mixingltamber as thistabiliseghe delivery of oxygeduring
hypoxia and duringgormoxia

4) Depletion of reservoir bags was observed in the manual system following
deep breathinglhe autanated machinehoweverwas able to combat this
problem by reducing the variation inGzias gas supply is not limited by bag
volumes.

5) It may seem that anual systems have no benefit over the automated systems
but they have one major advantage whiclkldsvering high precisionair
mixtures (Navarret®©pazoet al., 2017; Taet al.,2020).

Using these methods of delivering IHT, scientists have begun to examine the
functional benefits this treatment has on iSCI patients. The mechanism of action on
somatic notor pathways, however, is not well understood. Scientists believe it is

simlart o | HT6s effects on respiratory motor
1.17. Importance of spared serotonergic innervations

Respiratory plasticityassociated withong term facilitation (LTF), wasirst
described byMillhorn and Eldridge (1986). Following repeated stimulation of the
cardid body afferents iranesthetisestagotomisedand paralysedcats,Millhorn and
Eldridge (1986) observed a lotasting enhancement phrenicinspiratory activity
that lasted 90 min postimulation. Moreover, this lonkasting facilitation in
respiration was directly correlated with serotonergic activatiptillhorn and
Eldridge, 1986). Thereforeghe mechanism for theTF described byMillhorn and
Eldridge (1986)s serotonirdependent.
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Serotonergic neurons or otherwise referred as raphe newibims the
brainstem and their fibres innervate medullary respiratory neurons, phrenic
motoneuronsn the spinal corads well as the intercostal, laryngeal and hypoglossal
motoneurongKinkead et al., 2001). The raphe neurons, once activated, release a
neuromodulatoiserotonin and this neurotransmitter is believed to be essential for

respiratory facilitationinkeadet al., 2001).

It is suggested by the literature that 88 mec hani sm of acti o
on spared serotonergic innervations butthetmaintenancef LTF (BakerHerman
and Mitchell, 2002; Bach and Mitchell, 1996; Lyretral.,2001; Hoffmaret al.,2010;
Golder and Mitchell, 2005). To confirm that serotomnervation is essential Golder
andMithcell (2005) tested aesotonin receptor antagonist-kbl2), ketanserin, which
abolished LTF in C2 hemisected rats when administered before IHT. Furthermore,
Tadjalli and Mitchell (2019) concluded that both-F3T2a and 5HT2g subtypes
expressed in the cervical spinal cord are essential for phrenic LTF (pLTF) induced by
IHT. Moreover, Wu et al. (2020) established thmtibiting 5-HT7 action potentiates
the effect of IHT. This is becausd3T2 receptors activate aftrent cellular cascade
compared to 81T7 (Figurel.19.

1.18. The mechanism of action

Information on the mechanism of action of lidfiginatefrom studies on rat
models that look at the effects of this treatment on respiratory plastibiyeffects b
IHT depends on the balance between th@@ G protein receptors for serotonin
(Figurel.19). The Q and S pathwaysteract by crossalk inhibition. A moderate
level of IHT favours the Q pathway leading to pLTF while a severe daseurs the

S pathvay. Please refer to Figure.1.19 for more details on these pathways.

In summary, a mild to moderate dose of IHT activateslullary raphe nuclei
serotonergic neuronsaisesthe levels of braiderived neurotrophic factor (BDNF)
andactivatesropomyosinregulated kinase B (TrkBjeceptor(BakerHerman et al.,
2004). TrkB is a Gorotein coupled receptor that works via phospholipase C pathway
and upon activigon via mature BDNF, itdimerises and autophosphoryles
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Downstream signaling cascades leads to yhagic modulation, neuroplasticity, cell

survival, axonal elongation and neurite growth (Garraway and Huie, 2016).

Overall, as clearly described, HT6s mechani slependeftoract i or
spared serotonerginervatioms and the normal role of this transmitter as a
neuromodulator of motoneuron activijlounsgaard et al., 198&he production of
mature BDNF and the expression of TrkB receptors. The importance of spared
serotonergic innervations was previously discussed. In the following section the value
of TrkB and BDNF will be considered as well as adenosindlfat is capable in trans

activating TrkB.
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Figure.1.19 These are the delar mechanisms thatre activated by intermittent hypoxia. Tt
Q and S pathwayare named after the rotein couple receptor they are using; &d G,
respectively. In the Q pathway phrenic LTF depends-btTbreceptors that leads toew
synthesis oBDNF and activation of protein kinase C, the increased expression of
receptor and signaling to ERK/MAPK kinases (Dale, Mabrouk and Mitchell, 2014; Kim €
2016). Then downstream signaling cascades leads to an enhancement in glutam
transmis#on in the phrenic motor neurongheS pathway involves the activation of Gs by 5
HT7; or adenosine 2A receptordd4s). This activates protein kinase A (PKA), genera
immature TrkB receptors and leads to downstream signaling cascades associate
phaosphorylated AKT (pAkt) (Dale, Mabrouk and MitchelR014; Kim et al 2016).The Q and
S pathwaysdnteract by crosgalk inhibition where moderatéHT favors the Q pathway
leading to respiratory pLTF, andevere IHT favors the S pathwdgading to deledrious
effects(Hoffman and Mitchell 2013; Fields, Springborn and Mitchell, 2015; Welch et
2020). Intermediate IHT dose cancels the two pathways out and does not elicit pla:
(Welch et al.,2020). Another receptor that activates the S pathwaidis &nd inhibits the
activation of the Q pathway byI3T, receptor(Wu et al., 2020)Inhibiting 5HT7 and Aca
receptorsu si ng an antagonist significantly
investigations are needed to report whether iharces nosrespiratory motor function
(Hoffman et al., 2010; Wu et al., 2020; Welch et al., 20gdiagram used with permissio
from Dale, Mabrouk and Mitchell, 20}4
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1.19 Respiratory plasticity: Expression of TrkB, BDNF and adenosine 2

receptor

Expression of TrkB is critical for respiratory plasticity. For instance, selective
inhibition of TrkB affects recovery of rhythmic diaphragm muscle activity in adult
cervical hemisected ratd@ntilla et al., 2014). Furthermore, Martin&alvez et al
(2016) used adenrassociated virus (AVV) to locally deliver TrkB to phrenic
motoneurondn adult cervical hemisected rats and reported recovery of ipsilateral
diaphragm muscleRepetitive exposures of intermittent hypoxia enhance levels of
trophic factors, mainly BDNF andascular endothelial growth factoVEGF), in
respiratory motor neurongromoting LFT and respiratory motor neuron plasticity
(Mitchell et al., 2001; DaldNagle et al., 2010). It has been shown that the raise in
BDNF is dependent on IHT since its effects were inhibited after intrathecal
administration of a protein synthesishibitor (BakerHerman et al, 2004).
Furthermore, a rat model study found that the highest expression of BDNF mRNA was
observed after 2 hours of a hypogikposureThe increase in BDNF mRNA was 316%
compared to sham (Lindvadt al.,1992). Other studidsave also reported an increase
in BDNF levels followinghypoxia.For instance, Wilkerson and Mitchell et al (2009)
reported a 25% rise in BDNF and a 18% rise in phrenic burst amplitude while- Baker

Herman et al. (2004) reported 60% and 54%, respectively.

There haslsobeen a focus on adenosing Phis receptor activatiomimics
the effects ofneurotrophins effects on respiratory motor output by transactivating
TrkB in the cervical ventral horfGolderet al.,2008. Golder et al. 2008ported that
transativation of TrkB receptors with A receptor agonists in rat models of\ieal
SCI resulted into IpTF. However, Hoffman et a(2010) subsequentlyeported that
while inhibition of this receptor enharephrenic LTF, suggestinghat both serotonin
and a@nosine pathways,{and G, respectively, induce phrenic motor facilitation but
the serotonin G pathway predominates. FurthermoresaAeceptor via crostalk
inhibition restrcts serotonirdependent IpTF following a severe dose of IHT (Golder
et al.,2008; Hoffman et al., 2010; Wu et al., 2020; Welch et al., 2020). Refer to

Figurel.19to viewthe pathways thatreinvolved.
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Foll owing our wunderstanding of some
of action for respiratory plasticity the next sectionlwelview the BDNF expression
in the spinal cord. This will provide a link associated with the functional improvements

observed in iSCI following the administration of IHT.
1.20 BDNF and the spinal cord

Following injury of the spinal cord, as describehapter 1 Section 1,.there
are a number of factors that inhibit regeneration, one of them being the absence of
neurotrophic factors (Jones al.,2001). BDNF neurotrophic factor is widely studied
in SClmodelsand it is known to be a neuroprotectivgeat in both the central and
peripheral nervous systeDNF is associated with neuronal development, synaptic
transmission and synaptic plasticity (Garraway and Huie, 2016). For instance,
Ruitenberget al.(2004) showedn ratsthat a viral vectomediatel gene transfer of
BDNF canreverse atrophy of lesioned neurons in both acute and chronic stages of
SCI. In addition, Ji et al.Z015) showed that high levels of BDNF at the SCI lesion
declined the immune response by reducing the concentration of praimdkamy
cytokines and increasing the expression of-aufithammatory factors.

Benefits of BDNF have been observed following cervical lesions. For example,
Weishauptet al. (2013) showed that administration of BDNF enhance motor
performance in unilateral ogcal spinal cord injugd rats when combined with
rehabilitative training. Significant improvement in corticospinakervationhave also
been observed. BDNF delivernto cell bodies of lesioned corticospinal neurons
significantly increased collateral suting and propriospinal interneuron innervations
in the spinal cordVavrek et al., 2006). Furthermorneyplanting collagen scaffolds
with collagen binding BDNF in completely transected spinal cord dogs reported
improvement in unassisted standing, loctioroandfunctional sensory recovery (Han
et al., 2015).

1.21 BDNF, IHT and the spinal cord

Satriotomo et al. (2016) used immunohistochemistyimmunofluorescence
in spinal sectioadrats that were exposed to acute intermittent hypoxia for 10 weeks

ard reported an increase in BDNF and TrkB in alpha motor neurons in cervical and
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lumbar spinal cord anglyramidalneurons of the primary motor cortex. Similar results
were also observed with vascular endothelial growth factor (VE&F3uggested by
Satriotomo et al. (2016) both BDNF and VEGF are regulated by reduction in oxygen
levels andtheir physiologicalacion on central nervous systenmeuronspromotes

neuroplasticityneuroprotectiorand synaptogenesis.

Furthermore, IHT in combination with motor training in cervical SCI rats
resultedin an increase in hypoxia inducible factta (HIF1a), a hypoxia sensing
factor, in spinal neuronsf both thecervical and lumbar segments after only one day
of IHT treatment with motor training. Similar results were also observed after 7 days
of treatnent when combinedvith motortraining (Hassan et al., 2018h addition,
both VEGF and BDNF expression were also significantly higher following 7 days
(Hassan et al., 2018).

1.22. BDNF missense polymorphsm

It is interesting to also mention that aro@ids of thehumanpopulationshow
a Vabb6Met missense polymorphism in BDNF (Dumast al., 2016). This
polymorphism does not encourage the formation of new neuronal pathwelysichd
research some invasive stimulation protoocetsk in some SCI patientsnd not
others. There is the possibility that individuals who carry diffeBfINF allele may
influence the IHT responsiveness. For instance, BDNF homozygshesv
significantly higher spinal plasticity following direct current stimulation in comparison
with BDNF Met carriers (Lamy and Boakye, 2013). However, intensity of training has
beenshown to overcome the effects of this BDNF mutation (Mdiduget al.2011).
Furthermore, it is known thaghabilitation training methodscreasd levelsof BDNF
in thespinal cord andh combination with IHT has an additive effexttggestinghis
combination therapy could possibly also overcome the effects of BDNF muitation
Val66Met polymorphism(GémezPinilla et al, 2002; Navarret®pazo et al.2017).
Moreover, resaahers have shown that carriers of the Met BDF allele responded to
jump fatigue differently compared to Val66Val carriers following trapsal anodal
direct current stimulation. These researchers have previously shown thesptirsals
anodal direct cuent stimulation at the lumbosacral cord induced fatigaséstance
probablythroughneuromodulatiopromoting plasticity (Berret al., 2017).
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1.23 Important aspects of IHT protocol

As mentioned IHT actions depend on spared serotonergic innervation, TrkB
and BDNF. Furthermoreyespiratory plasticity is pattern sensitive, thus, the
intermittent aspect is essential as LTF is not observed following continuous exposure
to low oxygen levels (Baker and Mitchell, 2000; Millhorn, Eldridge and Waldrop,
1980). Alsothe exposure needs to be repetitive over a long period of time in order to
result in a longasting effect Fuller et al.,2000. Factors that can affect respiratory
plasticity areas follows age, as younger rats show a greater LTF compared to older
rats and sex hormones, since gonadectomy has shown to attenuate LTF (Zabka et
al.,2009.

1.24. iSCI patients with cardiopulmonary complications

Currently, there are several slightly different protocols for IHT interventions
that are being investigated by mephysiology labs Ultimately, it is essential to
exploreneural mechanismnderpinninghe effectseen in order to optimize treatment
effect and minimize the risk of adverse evdiftsumbower et al., 2012; Hayes et al.,
2014; Tan et al., 2020To createan optimisedtreatment, we need to consider the
above informationbut it is also important to take into accotimat patients with SCI
have other underlying conditions.
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Respiratory complications are the main cause of mortality and morbidity in
SCI patients (Zimmer, Nantwi and Goshgarian, 2007; NSCI&11,9. In a study 68%
of subjects with chronic SCI reportedspiratory symptoms such as breathlessness,
cough, phlegm and wheeze (Spungeml., 199). Moreover, according to a review
by Schilero et al.Z009) tetraplegic patients have a high prevalendeveloping OSA
accompanied bgecondaryardiovasculacomplications. Also, patients with cervical
and upper thoracic SCI have impaired diaphraiignintercostal, accessory respoat
and abdominal mue function Figurel.20(Schilero et al., 2009). The figushows
the respiratory muscles involvatleach spinal level and provides information on the
complications that may arise in different levels of SCI (Schiia., 2009). Keeping
this in mind,studies investigating IHT in SCI patientsutinely exclude participants
with cardiopulmonary complications (Trumbower et al., 2012; Hayes et al., 2014;
Trumbower et al., 2017; Navarre@®pazo et al., 2017; Lynch et al., 201FAowever,
in some cases IHMay improve botlrespiratory insufficiencies and somatic motor
functionin SCI(Tan, Barth and Trumbower, 2020).

Overall, the mechanism of action underlying the effects of IHT in patients with
ISCI is not yet fully understood and there is still progressesearch to be made
(NavarreteOpazo et al., 2016). There is enough information in the literature
suggesting that the mechanism of action establishes a link between IHT and the
cascade of events in respiratonptor neurons. However, the link betweenT Iend
somatic motor plasticity is still not investigated as thoroughly.

1.25. IHT induces motor facilitation in animal models of SCI

From animalmodels we have a basic understanding of how Iktiuces
neuroplasticity in moteeurons fabrouk and Mitchell 2014). The effects of IH,
however, are not just locadid in motmeurons (Streetest al., 2017). Streeter et al.
(2017) observed in adult rats that IHT is capable in strengthening excitatory and
decreasing inhibitory connections in between-gedvical popriospinal interneurons.

As these neurons are synaptically coupled to respiratory and somatic motoneurons,
they may be responsible for the increase in motor output observed following IHT

(Streeter et al.,, 2017). Further information gathered from aninogiest is the
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importance of spared serotonergic innervations, an increase in BDNF and TrkB
expression, which has already been discussed (Getider2005).

Studies in animal modelsf SCI havealso shown to improve grasping and
locomotion when combiningHT with a taskspecific training (TST)For instance,
Lovett-Barr et al.(2012) reported that four days of daily IHT and ladder walking in
C2 hemisected rats had significantly fewer fslyp errors compared to before IHT
and sham treated animals. The mwed skilled forelimb function in horizontédder
walking was apparent even at 3 weeks following daily acute IHT (Ld@eettet al.,
2012). Furthermore, this finding coincides with the immunohistochemistry which
showed an increase of BDNF, TrkB and ghtusrylated TrkB in motor nuclei (Lovett
Barr et al.,2012). This study demonstrates that functional improvement is persistent
and coincides with changes in proteins that are believed to be inunlveshbiratory
and nonrespiratorymotor function. Furthenore, animal models suggest that perhaps
IHT alone may not be enough to significantly restore function and it may be essential
to be combined witla TST (Prosset.ooseet al.,2015). For instance, Prosdevose
et al.(2015) completed a study where ratstpbweeks of cervical iISCl received seven
days of daily IHT which reduced fostips only when combined with a ladeealking

task.
1.26. IHT induces motor facilitation in SCI patients

Studies that investigate IHT in patients with SCI have looked aé qi&htar
flexion, agonist/antagonist activation, standing and dynamic balance, consecutive days
of treatment, taskpecific combination therapies, combination with-amiammatory
drugs, walking speed and endurance, and hand dexterity.

Trumbower et al(2012) recruited C5 to T7,I18 C and D iSCI patienta/ho
retainedresidual ankle plantarflexion and repor@d82% increase in ankle plantar
flexion torque immediately following IHTan observation reproduced to a lesser
extentobserved by Lynclet al. (2017) andSandhu et al. (2020who followed the
same methodologyoreover, Trumboweret al. (2012) reported that this increase in
maximum voluntary torque (MVT) was correlated with an increase in gastrocnemius

agonist muscle activation (Tadled). Howewr, Lynch et al. (2017) found no
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significant increase in EMG activity or median firing frequency in the gastrochemius
or soleus muscle. Furthermore, Lynehal.(2017) concluded that the lower increase
of ankle plantar flexion torque reported in theirdstu30% increase, is as a result of
recruiting strongepatients, where baseline MVT was 48 Nm higher tharttibee
recruited by Trumbower et al (2012). Sandwu et al. (2020) using the same IHT
protocol reportedan ankle plantarflexion torquencrease o29% that persisted for
three hourspostIHT (Sanduet al., 2019; Tan, Barth and Trumbower, 2020).
Furthermore, inhe Trumbower et al. (2012) studgur out of the ten subjecshowed

a 50% increase in maximum voluntary ankle plantar flegan maintaind for more
than 4 hours podHT, suggesting the effects of the treatrhis consistent with long
lasting plastic effects (Table.).4

Trumbower et alZ012) recommends that more exposures of IHT are needed
over a period of timeResults from @ahematicposter session which reportix effects
of IHT on iSCI with sleegisordered breathing (SDB) concluded that those with
moderate sleep apnea had an enhanced motor improvement compared to healthy or
those with mild sleep apnedi¢odtzev et al.,2020). Thisuggest that more frequent
exposures to hypoxia are beneficial on motor function but the safety of more exposures
needs to be studied (Vivodtzev et al.,2020).

In addition, Trumboweet al (2012) suggested that combination treatments
with physical rehabilation such as a TST should be considered because it can
potentially have an additive effect. But elderly patients or patients with severe motor
impairmentscould still benefit from repetitivdHT alone(Trumboweret al.,2012).
However, we need to keep mind that IHT responsiveness may be dependent on
spared serotonergic innervations following the injuganing that not all patients with
SCI will respond to the treatmeftolder and Mitchell, 2005).

Furthermore, rare studies need to be conducted tanexe the benefits of IHT
treatment alone and in combination with actidMigsed training. Naidat al. (2020
published a study prototand are conducting a randoesclinical study involving
85 subacute SCI patients with a variety of walking abilitleaims to study the effects
of IHT or sham treatment coupled with or withoutridihute walking practice on
walking ability in patients with subacute SCI. Moreover, the study will monitor the
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safety of IHT, hypertension and autonomic dysreflexia asagatleuropathic pain and
spasticity.lt is anticipated that this study will report in 2022 or 2023.

Hayes et al(2014) reported that daily IHT combined with walking increased
walking endurance while daily IHT alone improved walking sp@ged8%and these
effects persisted for more than three daysighteenout of thenineteensubjects
(Tablel1.4). Theeffects on speed and endurance was clinically meaningful in 30% and
70% of patients, respectively (Hayetsal., 2014). Furthermore, according to Hayes et
al. (2014) daily IHT attained almost double the effect for speed and endwaece
compared with resultsdm studies looking at overground walking training alone and
this effect was larger when daily IHT was combined with walkihayes et al. (2014)
mentoned that respiratory plasticity resulting from IHT could be a factor in the
endurance improvement observed in patients. Nava@pézo et al. (2016) confirmed
these findings, where walking speed in iSCI patients was enhanced following daily
IHT in combhnation with locomotor training but the effect on endurance was not
clinically relevant in this study (Table.).4This study consisted of two groups one
receiving IHT with BWSTT and the other group receiving normoxia with BWSTT.
For the IHT group walkingeed increased from a baseline of 08411 m/sec to
0.74 +0.14 m/sec following five consecutive days of treatment and BWSTT
(NavarreteOpazoet al.,2016). In contrast, five consecutive days of hormoxia with
BWSTT increasedhe walking speed from 0.580.12m/s at baseline to 0.680.15
m/sin this group(NavarreteOpazoet al.,201@). Furthermore, this study showed that
following five consecutive days of training followed by repetitive IHT three times a
week maintained walking speeid thelevel obseved following 5 days of IHTand
had a beneficial effect on walking endurance (Nava:@giazoet al.,201@). In
addition, four weeks following the study, in the IHT group, three out of the seventeen
subjects reported that they could walk without camebssaich outcomes where not
seen within the sham gro@NavarreteOpazoet al.,201&). Furthermore, one patient
in the IHT groupdiscontinued use of henklefoot orthosis (Navarret®pazoet al.,
2016b). However, the TUG test did not show agnificant change following
combination treahent with IHT and BWSTT (Table.1)4
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NavarreteOpazoet al.,(2017) also studied standing and dynamic balance in
ISCI patients following a combination treatment of IHT with BWSTT. The findings
of this study showed thdtere was no improvement in standing balance and suggested
that it could be the case of not performing TST balance training because
neuroplasticity in animal models have shown to be task specific (Navanpatmet
al., 2016b; Navarret®pazoet al.,2017) In terms of dynamic balancehich was
significantly enhanced following IHTNavarreteOpazo et al. (2017) suggested that
this could be somewhat explained by greater walking speed. An increase in walking
speed was also reported in Hageal.(2014) staly and Navarret®©pazoet al.(2016)
(Table.1.4. Improving walking speed ig positive outcoméor SCI patients bualso
important to improveoordinated movement and balarieeminimize risk from falls

and potential hospitalisation
1.27. IHT coupled wih task specific training (TST)

Trumbower et al. (2017) reported that a combination of IHT and hand opening
for five consecutive days improved hand dexterity in patients vesidual hand
function (Table.1.% This suggests the potential benefit of cormgriHT with a form
of TST rehabilitation training (Trumbowest al., 2017; Hayeset al., 2014). As
mentioned above, IHT may need to be combined with a TST (L-Beetét al., 2012
Hayes et al., 2014; Possémwose et al., 2015; Navarre@pazo et al., 2017,
Trumbower et al., 20177 working hypothesiss that IHT increases BDNF synthesis
throughout the body, bringing the concentration to a much higher levels and
subsequently TST further elevates BDNF levels specificalgpinalneural circuits
that areactivated by the task used (Welch et al., 2020).

For instance, standing balance was not improved following administration of
IHT combined with BWSTT and the case could be that BWSTT with IHT was not
specificallyengaging pathway® improve standing balae (NavarretéOpazo et al.,
2017). Welch et al. (20200 areview suggested a neural and cellular mechanism for
IHT combined with TS. Please refer to Figure.l.2hat describes the pathways
suggested by Welch et al. (202 is important to mention thahis is a suggested
working hypothesis and requires further investigatidelchet al., 2020).
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Figurel.21 Neural and chemical pathways proposed by Welch et al. (2020) fo
combination treatmerdf IHT with TST.A) Describes the neural pathway which involv
IHT and TST. IHTactivates the carotid body chemoreceptors and the secoddey
neurons in the brainstem, the nucleus tractus solitarious (NTS), and subsequent act
of raphe neurons that project to respiratory and +reapiratory motor neurons. NTS als
activatesraphe neurons indirectly via the central pattern generators (CPGs). CPGs
associated in autonomous rhythmogenic activity of walking and other functions st
breathing and swimming. Then raphe neurons and CPGs both project to motone
(phrenic modr neurons, PMn; limb motor neurons, LMn). TST activates the prin
motor cortex which directly activates motoneurons or acts on CB{Bescribes the
cellular cascade where IHT activates theH®, serotonin receptors, the subseque
increase in BDNF sythesis and the activation of TrkB receptor. The TrkB receptors
the PKC acts on NMDA receptors which also increases BDNF synthiestontrast,
TST increases the concentration of BDNF by activating NMDA and AMPA rece
which leads to calcium influand the activation of calcium/ calmodudélependent
protein kinase (CaMK) which increases BDNF synthesis. (diagram used with perm
from Welch et al ., 2020) 6

1.28. IHT coupled with antrinflammatory drugs

Combination therapies apart from locomotor training and hand opening task
have also been investigated. Liaret al.(2017) studied IHT in patients following pre
treatment with an antnflammatory drug, ibuprofen, to observe whether daud
enhance the ability of IHT to induce spinal motor plasticity in chronic SCI patients.

As mentionedn Chapter 1 Section 1./hflammationin chronic SCI patientformsa
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barrier for plasticity Following administration of an antnflammatory agent,
cyclooxygenase inhibitiomay be able toncrease the motor facilitation sérved with

IHT. However, this study reported no significant difference in maximum voluntary
torque measurements between ibuprofen and the placebo condition which may be
simply due to the dose of ibuprofen studied which was the highest dose approved by
theFDA (Lynchet al.,2017). Furthermoreghe study did not consider the bodyweight

of participantssodosagevas poorly controlledLynchet al.,2017). Another essential
limitation of this study was that it did not recruit y patients with high serumdefel
pro-inflammatory cytokines (Lynclet al.,2017). In contrast, Sandhu et al. (2019)
administered 60 mg of a prednisolone, a potentiaflimmatory drug, or a placebo

prior usingthe same IHT protocol as Lynch et ¢€2017) in AISC or D SCI patients

and reported that prednisolone prior to IHT showed a 12% higher improvement in
ankle torque and soleus muscle EMG activity as well as increasii® lant
inflammatory agent (Sandu et,aP019; Tan, Barth and Trumbower, 2020). It is
important to mentiothatSCI patients exhibit chronic elevated levels of inflammatory
factors (da Silva Alveset al.,, 2013). Sandhu et al. (2019) highlighted that
corticosteroids have also been linked with neuroplasticity and the selective innrease
TrkB receptor expressiorthus the enhanced improvement in ankle strength by

prednisolone may not be related to its -amfiammatory effects.
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Tablel.4. Protocol and findings from studies that investigated IHT on SCI patients

Author Year Subjects Protocol Measurements Findings
Trumbower 2012 | 13 subj,; Single treatment Agonist and IHT Protocol A:
etal. chronic iSCI; antagonist EMG In all subjects that
AIS C or D; IHT Protocol A during ankle received IHT isometric
volitional (8 subj.): One isometric plantar flexion strength
plantr flexion treatment of 30 plantar flexion  increased (p<0.002) and
strength min IHT (60 sec torque this was not observed in

hypoxia (FiQ
0.094) and 60
sec normoxia)

IHT Pr otocol B
(5 original
subj.+ 5 new
subj.): One
treatment of
37.5 min IHT
(90 sec hypoxia
(FiO20.094)
ard 60 sec
normoxia)

SHAM
Protocol:
normoxic air

Minimum 2

weeks washout
period between
IHT and SHAM

Average MVT
and EMG of
dominant ankle

SHAM.

Increase in agonist EMG
(p=0.04) immediately
after the treatment which
overlappedvith an
increase in maximum
plantar flexion torque
(p<0.03).

MVT elevaed after 30
min of IHT.

IHT Protocol B:

Increase in plantar flexion
MVT up to an hour post
IHT.

4 hours post IHT a 50%
increase in MVT was
observed in all subjects.

Significant correlation
between agonist EMG ani
MVT (p<0.001). A
negative correlatiowas
observed in antagonist
muscle but nosignificant

(p=0.2).
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Hayesetal. 2014 | 19 subj,; Five Walking speed Daily IHT significantly
chroniciSCI  consecutive was measured enhanced walking speed
daysof daily using a IMWT  (p<0.05).

IHT or SHAM
+/- overground  Walking Enhanced endurance was
walking endurance was observed but not
measured using significant (p>0.05).
IHT Protocol: a 6MWT
37.5 min of IHT Endurance increased in
(90 sec hypoxia daily IHT following one
(FiO2 0.090) IHT session and persistec
and 60 sec after secondveek follow
normoxia) up.
SHAM
Protocol: Daily IHT +walking
normoxic air significant enhanced
walking endurance
9 subj.: daily (p<0.05) thatontinued
IHT or daily after oneweek followup
SHAM (p=0.011). No significant
(normoxic air) change observed in speel
(p>0.05).
10 subj.: daily
IHT or daily
SHAM Daily IHT+ walking
(normoxic air) + improved endurance more
60 min compared to daily IHT
overground alone which wasround
walking twice higherafter one
week followup.
Minimum 2
weeks washout Walking speed enhanced
period by 0.09 m/s for 30% of
patients and endurance
Block design >100 m for 70% of
and patients.
randomigition
Lynchetal. 2016 | 9 subjects; Single treatment Same Maximum MVT increased
chronic iSClI; experimental with time (p=0.006).
AIS C or D; IHT Protocol: design as
volitional 45 min IHT (90 Trumboweret No significant difference
ankle plantar  sec hypoxia al. (2012) in MVT between
flexion (Fi020.090) ibuprofen and placebo (p
strengh and 60 sec Calculated >0.05).
normoxia) LEMS
No significant difference
Combined Ankle plantar between IHT or ibuprofen

treatment with
ibuprofen (800
mg) or placebo

Minimum 1-
week washout
period

Doubleblinded
randomised
placeboe
controlled,
crossover study
design

flexion strength
studiedby
measuring MVT
and EMG
recorded from
agonist and
antagonist
muscles

on EMG muscle activity
(p >0.05).

Significant correlation
between EMG of
gastrocnemius (p<0.005)
and soleus (p<0.005)
muscle activity and MVT
while no significant
difference in antagonist
muscle tibialis anterior (p
>0.05).
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Navarrete
Opazoet al.

2016

33 subj,;
chronic iSCI;
AISCorD

Five Walking speed
consecutive was measured
days followed using a 1I0MWT
by 3 times a

week for 3 more Walking
weeks IHT or
SHAM +
BWSTT a 6MWT
IHT Protocol: TUG test
45 min IHT (90

sec hypoxia

(FiO2 0.090)

and 90 sec

normoxia)

SHAM
Protocol:
normoxic air

BWSTT:
training begun
with 30% body
weight support
and speed at 0.€
km/h

17 subj.: IHT +
45 min of
BWSTT

16 subj.:
SHAM+ 45 min
of BWSTT

Randomisd,
triple-blind,
placebo
controlled, twe
arm parallel
clinical trial

endurance was
measured using

IHT had a greater impact
on walking speed
compared to SHAM grouf
which was observed after
5 days and maintained ug
to week 3.

A follow-up after 2 weeks
both groupglisplayedan
increase in walking speed
(p<0.05).

Comparing the two group:
there is a decrease in TU!
time for IH group but not
significant (p>0.05).

Within-groupassessments
displayedthat IHT
decreased TUG time fro
day 5 ancpreservedip to
week 3 and this result wa:
statistically significant
(p<0.05).

Significant improvement
in walking endurance
observed in IHT group up
to week 4 and followup
(p<0.05).

Within-groupsthe IHT
group showed amcrease
in walking dstance from
day 5 up to week 4.
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Navarrete 2017 | 35subj.; Five Measured Standing balance was not
Opazoet al. chronic iSCI;  consecutive standing and improved with the
AISCand D days followed dynamic treatment of IHTin
by 3 times a balance combinationwith BWSTT
week for 3 as there was no significar
weeks IHT or Standing difference in jerkiness
SHAM + balance was between IHT+BWSTT
BWSTT measured by and SHAM group
normalizing jerk (p>0.05).
and rootmean
IHT Protocol: square of sway Significant change was
45 min IHT .5 observed between
min of hypoxia  Dynamic IHT+BWSTT and SHAM
(FiO2 0.090) balance was group in turning duration
interspersed measured by (p<0.01).
with normoxia  studying turnng
duration, Furthermore, in the IHT
SHAM number of steps participants significantly
Protocol: during turn and  decreasetheir median
normoxic air turn- to-sit number of steps compare
duration to baseline (p<0.001) and
18 subj.: IHT + the turnto-sit duration
BWSTT compared to badine
(p<0.001) and had a
17 subj.: significantly faster turn
SHAM + to-sit duration compared
BWSTT with SHAM (p=0.001).
Trumbower 2017 | 6 subj.; Five Box and Block  IHT with hand opening
etal. chronic iSCj  consecutive Test (BBT) for  enhancedhand dexterity
AISC or D; treatments IHT  hand dexterity  (BBT scores) (p=0.057) ir
residual finger or SHAM + 5 participants while
movements opening hand  Jebserlaylor SHAM with hand opening

task

IHT Protocol:
37.5 min of IHT
(90 sec hypoxia
(FiO2 0.090)
and 60 sec
normoxia)

SHAM
Protocol:
normoxic air

Minimum 2

weeks washout
period between
IHT and SHAM

Posttreatment
20 repetitions of
hand opening

Hand Function
Test (JTHFT)
for hand use in
daily-living
activities

Maximum hand
opening studied
using
kinematics and
surface EMG
data gathered
from extensor
digitorum and
extrinsic hand
muscles
involved in
hand opening

improved dexterity in all
participants (p=0.016).

JTHFT was improved in
all participants (p=0.078).

IHT with hand opening
increased maximum hand
aperture in 5 participds
(p=0.018), similar results
observed with SHAM
(p=0.030). This result
correlated with an
enhanced EMG activity
(p=0.029) for IHT while
SHAM showed no
significant difference
(p=0.606).
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Sandhuet 2019 | 14 subj; Single treatment Isometric ankle Ankle plantarflexion
al. chronic iSClI; torque and torque was significantly
AIS C or D; IHT Protocol: EMG of enhancedt 30, 60, and
volitional 30 min IHT (60 quadriceps, 120 minutes posHT
plantar flexion sec hypoxia ( medial (p=0.0012, p=0.0004,
strength FiO20.090) and gastrocnemius, p=0.0067, respectively)
60 sec soleus and
normoxia) tibialis anterior  Biggestdifference in
torque was observed pest
Prednisolone or IHT at 60min with a
placebo pre value of 21.8 % + 4.4 %
treatment 1 hour
before IHT EMG activity of soleus
muscle was significantly
Randomised, higher at 60 minute post
doubleblinded, IHT following
crossover study prednisolone +IHT
(p=0.0918). However, no
significant difference was
observed in tibialis
anterior (p>0.190, medial
gastrocnemius §0.19)
and quadriceps (p>0.17).

Maximum voluntary torque (MVT]Jraction of inspired oxyge(riO.); intermittent hypoxia training
(IHT); Electromyography (EMG); incomplete SCI (iSCI); lower extremity motor score (LEMS);

weightsupported treadmill training (BWSTT); 10 meter walk te§IMWT); 6 meter walk tes
(6MWT); time up andjo (TUG). Refer to Chapter 1 Section 1té3btain information on the $¢s

mentioned here.

1.29. Study design limitations

There are limitations on the design of the studies mentioned abhaveneed
to be consideredSeveralstudies reported that their experiments included a small
sample siz€<15 aibjects) (Table.1) patients had a variabf@stinjury time, level
of injury, and continued takingrescribed medicatiorsome of which could interfere
with neuromodulatory effectddayeset al.,2014; Trumboweet al.,2017; Lynchet
al.,2017; Navarree-Opazoet al.,2016; NavarreteOpazoet al.,2017; Sandhu et al.,
2019).

A large sample size for these studies is very difficult to achieve becatise of
natural historyof SCI, its incidence and variation in level and completeness
(NavarreteOpazo et al., 201@). Also, studies may be biased toward using a
combination treatment with locomotor training where the intensity of training is not
standardisedt o t he pati ent fNavarreteOpazdet lali, 20¥7). | i mi t
Furthermore, several of the stuslieported a washout period of minimurRiweeks

between the IHT and sham treatments. It is unknown if this is enough time for the
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effects of IHT to diminish, especially following a repetitive administration of the
treatment protocol over several daysuifiboweret al.,2012; Trumboweet al.,2017;
Hayeset al.,2014; Lynchet al.,2017; Sandhu et al., 2019). Furthermore, Sandhu et

al. (2019) reported large variability in the response to IHT following both the anti
inflammatory drug and the placebo. Samdtt al.(2019)concluded that it could be

due to genetic variability between participants, gender, age, assessment tools or the

time post injury

To conclude, even though these studies have several limitations they show
significant functional benefits fawing IHT. The section below will discuss some

factors that can affect | HTéds ability to
1.30. Factors that may influenceneuroplasticity induced by IHT

As with all neuroplasticity rehabilitation methods some patients are responsiv
while others are not and as Tan, Barth and Trumbower (2020) highlighted in the
review, it is important to identify biom

factorsinclude

1) Inflammatory factors which are elevated in SCI patients may limit
plastcity (Tan, Barth and Trumbower, 2020However, as already
mentioned BDNF levels va shown to reduce theoncentratiorof pro-
inflammatory cytokines and increase the expression ofirfdmmatory
factors (i et al., 2015). Thereforgith the approprige personalised IHT
treatment for this limiting factor could be investigated Moreover,
administering an antnflammatory drug, such as prednisolone, prior to the
treatment may be beneficial (Sandhu et2@ll9 Tan, Barth and
Trumbower, 202)

2) Also it isrequired to consideval66Met mutation in BDNF gene, which
occurs in 25% of the populatioas its expressiodecreases the secretion
of BDNF (Duman et al., 2016; Tan, Barth and Trumbower, 2020). As it has
already been mentioned, high intensity trainir@svable to overcome the
effects of BDNF mutationMcHughen et al.,2011)This needs to be

consideed and perhapgor patients with this mutatiomwe may need to
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include a combination treatment with a higher intensigstivity-based
training to further eleue BDNF levels or increasing the number of
intervals or frequency dHT treatments.

3) SDBis frequent in SCI patients and as we know a severe dose of IHT leads
to an inflammation and detrimental effects. However, Vivodtzev et al.
(2020) reported that modde SDB was an advantageous preconditioning
factor on IHT since these patients were associated with more significant
therapeutic benefits following IHT compared to patients that exhibit mild
to no SDB(Tan, Barth and Trumbower, 2020)

4) Another factor is ta extent of preserved connections following injury and
corticospinal tract drive to motor neurofitan, Barth and Trumbower,
2020).

5) Lastly, lkest results are observed when combining IHT with activétyed
training, especially with TSTTan, Barth and Trundwer, 2020).

Other factors thatcould influence neuroplasticity areaging, stress and
hormoneslin the respiratory system, hormones and aging play an important role in
influencing serotonikdependent plasticity and LTF (Behan, Zabka and Mitchell,
2002).The number of serotonergic neurons in raphe nuclei appear not to be affected
by aging, however, the concentration of serotonin, binding characteristics, serotonin
reuptake and serotonin receptor density seems to be altered (Behan, Zabka and
Mitchell, 2002). It is important to mention that age related changes in regard to
serotonin do not necessarily occur in all brain regions (Behan, Zabka and Mitchell,
2002).Furthermore, ecording to a review by Behan, Zabka and Mitchell, 2002, levels
of serotonin and itseceptor are higher in females compared to miaeal brain
regions Moreover, serotonin concentration changes during the estrus cycle probably
due to changes in hormone levadean, Zabka and Mitchell, 2002Hormones that
have been reported to affesgrotonin levels in the brain amstrogen, progestene,
testosterone and cortisol (Long, Youngblood and Kix@83; Genazzani et al., 2000;
Cowen et al.2002; Behan, Zabka and Mitchell, 2002).

In terms of BDNF, ging causes a decline mirculatingand storedBDNF
concentration in the braif.ommatzsch et al., 2005jurthermore, it has been shown
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that BDNF is regulated by glucocorticoids, estrogen, progesterone and testosterone
and affects the cell survival and function of the CNS (Numaketvad.,2010).1t is

also important to mention that BDNd&nd testosterone work synergistigdor the
maintenance of mom®urons and testosterone reguldtes expression of TrkB in

motaneurons (Osborne et al., 2007; Verhovshek e2@l0).

An example where agg affects the plasticity induced by IHT in rats was
mentioned by NavarreOpazoet al. (2006) The study was conducted by McGuire
and Ling (2005) and showed that respiratory plasticity was significantly higher in
younger compared to older rats followingtermittent hypoxia. Furthermare
NavarretOpazo et al. (2016investigated the effect of IHT in combination with
BWSTT in patients with iSCI reported no significant difference in walking speed
between patients that were younger than 35 and patientsivdaie35. However, they
did report higher walking endurance in younger patients that received thenetionibi
treatment and concludgabssible influences of hormones and aging (Nav@pszo
et al., 2Q.6b).

As discussed, IHT may haveeneficial effectson patients with iSCI (Tan,
Barth and Trumbower, 2020). However, there are factors such as the natural process
of aging, having the BDNF Val66Met mutation, high levels of inflammatory factors,
the extend of preserved connections following injury, stggssder and hormones that
may influence the neuroplasticity induced by IHT and other rehabilitation methods.
As already mentionedthe primary patient group for SCI across all developed
economies are elderly patienfsging may sabotage the potential betsadf IHT and
thus itmay causeadiversity in resultsf studies are recruiting patients between the age
of 20 and 70Neverthelessit is important to take into account thi&e diversity in
responsiveness is likely to be attributectcombination ofdctors In the next section
potential benefits of IHWill be discuss along with the impontee of avoiding a IHT

overdose.
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1.31. Potential side effects or potential benefits?

Cardiovascular andespiratory effects by IHT are controvexdbut it seera to
depend ordoseseverity. A severe form of IHT, as mentioned earlier, can lead to
deleterious medical conditions such as hypertension, stroke, cognitive impairments
and respiratory complications that are associated with OSA (eew., 2015). In
contast, there is evidence in the literature that a mild form of intermittent hypoxia
improves cardiovascular and respiratory function (linal.,2016; Navarret®pazo
et al.,2015; Hoffmaret al.,2010; Casast al.,2000; Béguiret al.,2005).Please refe
to Figure.1.22 that was created to provideimmary of the different IHT dosg&/en
to humans and the benefits and side effects.

CARDIOVASCULAR SYSTEM:
Hypertension, vasoconstriction, atherosclerosis,
coronary artery disease, heart attack, heart

5-9 cycles of 3-5 min hypoxia
(Fi0;= 0.12-0.15) and 3-5 min
normoxia (Fi0,=0.21) + exercise

failure, arrhythmias, myocardial infarction and
stroke

OTHER: 5-6 min hypoxia (Fi0,=
Night sweats, morning headache, obesity, insulin 0.10-0.12) with 4-5 min
resistance, cognitive deficits and depression normoxia (Fi0,=0.21) for

60-90 min )+ exercise

5 t0 100 episodes per hour with 10 to 100 sec 15 cycles of 1to 1.5 min of
exposures of hypoxia hypoxia (Fi0,=0.09) and 1
to 1.5 min of normoxia

(Fi0‘=0.21 + exercise

5 cycles of 6 min / \

hypoxia (FI0,: 0.12)
interspersed with 6 min
i \
Hypopnea, snoring and choking during sleep exercise

Figure1.22 Intermittent hypoxia (IH) dose and the associated benefits and side éffetrk
blue the side féects are described when the intermittent hypaldaeis svere, often observei
in OSA In light blue the benefits in COPD, athletes, SCI patients, obesity and type Il dial
are described andaccompanied by the IHT dose mentioned in the literature. didec
(Intermittent hypoxia dose)

Vogtel andMichels (2010) in a review summaes that IHT can increase

baroreflex sensitivity to normal levels as well asrease hypercapnic ventilator
response, exercise duration, hemoglobin concentration and lung diffusion capacity of
carbon monoxide in patients with chronic obstructive pulmonary disease (COPD), a
lung disease that includes emphysema and chronic bron@hatigel and Michels,
2010). The physiological changes that benefit patients with COPD are related to
hypoxiainducible factor (HIF).
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Hypoxiainducible factorl U/ b -1( HII/ ) i s an i mportant
that upregulates several genes to suppottival during hypoxic even{Semenza and
Wang, 1992 Jelkmann and Hellwiggurgel, 200). Overall, HIF transcripts several
genes whichare involved in hematological and ventilation responses to hypoxia. For
instance, it increases gene transcription of glycolic enzymes that are important for
anaerobic metabolism as well as VEGF which may be involved in increasing airway
vascularity and aivay remodeling by thickening the basement membrane in COPD
patients (Vogtel and Michels, 2010). Furthermore, it increases gene transcription of
other genes to augment the production of vasodilators, increase iron metabolism, an
important cefactor for henoglobin oxygen binding, and raise ventilation (Vogtel and
Michels, 2010; Weidemann and Johnson, 2008; Peyssonnaux, Nizet and Johnson,
2008; Semenza, 2008).

Furthermore, IHT is used in sports medicine to enhance aerobic performance
of athletes by producingematological and ventilatory adaptations (Casad.,2000;
Knauppet al.,1992). For instance, combination of IHT and {owensity exercise
increased red blood cell count, hemoglobin concentration, decreased heart rate and
induced ventilator adaptivehanges. This process is known as acclimatizatiahis
a response to IHT exploited by athlef€ssast al.,2000).

Knaupp et al. (1992), reported thatlHT increased erythropoietin (EPO)
concentration by 52% in healthy subjects. EPO is ymed in thekidneys by
specialied cells which sense changes in oxygen levels (Jelkmann and Hellwig
Birgel, 2001). EPO hormone activates the synthesis of new red blood cells in the bone
marrow. The increased concentration of red blood cells or erythrocytes allmassiu
to adapt at low oxygen partial pressures. Interestingly, EPO changes depend on
repetition of the IHT protocol. For instance, Burtsceeal.(2004) repeated IHT 15

times and found that in thé4ession there was a significant change in EPO levels.

In terms of cardiovascular protection and improvement, Bégual. (2005)
investigated the effect of brief periods of IHT (10%) @n the infarct size development
in isolated rat heart and found that it induced protection against myocardial infarction.
Furthermore, moderate IHT reduced cardiac arrhythmias during ischemia and
decreased infract size by 43% irats with myocardial ischemraperfusion
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(Manukhinaet al.,2013). Similar results have also been observed in dogs (Zong et al,
2004). The protectioof IHT against myocardial ischemia/reperfusion results from a
decrease in myocardial apoptosis (Wen Dengl.,2003). Furthermore, Mallet et al.
(2018)in theirreview reported that IHT reduces infract size, enhances coronan bloo

flow and reduces hytension.

In a study with an IHT treatment that comprised of 15 sessions over 3 weeks
with 3-5 minutes intervals of 14.00% to 10.00% Fi@nd 3 minute intervals of
recovery was well tolerated by elderly subjects with coronary artery disease and the
resuls showed a 4% increase in red blood cell count and 4.2% increase in haemoglobin
concentration improving oxygen carrying capacity. Furthermore, they obsemved a
8.3% decrease in heart rate during the -sudiximal cycle testfollowing IHT
(Burtscher et al., @4). Furthermore, after 3 weeks of IHT, systolic blood pressure
had decreased by 5.5% ihe submaximal cycle test (Burtscher et al., 2004).
addition, a combination of IHT with antihypertensives has an additive beneficial effect
on blood pressure arkart rate in patients with cardiovascular disease (Simonenko et
al, 2003). Therefore, a mild to moderate IHgpears to haveo cardiovascular risks
and itcouldbe considered astherapeutic option.

1.32. Safety monitoring when investigating IHT on SClpatients

A mild to moderate concentration of IHT seems to heany beneficial
effects Table.1.5.provides a summary of the safety monitoriimg studiesthat
investigate IHT in SCI patients. Generally, blood pressure, heart rate and
oxyhemoglobin satuteon (SpQ) were monitored. These studies did not report any
adverse effects and some mentioned that the treatment was well tolerated by the
participants ilayeset al.,2014; Trumboweet al.,2012; Lychet al.,2016; Navarrete
Opazoet al.,201&). Howeve, many of these studies excluded participants with
cardiopulmonary complications (Trumbower et al., 2012; Trumbower e2@l7;
NavarreteOpazoet al., 2016; NavarreteOpazo et al., 2017; Lynch et al., 2016; Hayes
et al.,2014).

As mentioned above, geems that IHT has beneficial effects in a variety of

systems angerhapsSCI patients with other underlining complications may gain
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benefis from this treatmentHowever,it is importantto investigate further if iSCI

patients with underlining cardiopubnary complications carolerate thisIHT

protocolandwhetherthe treatment dose and frequency need to be modified

Tablel.5.IHT experiments on SCI patients: IHT protocol, Sp§afety monitoring and effect:

Author Year IHT Protocol  SpQGlevel Safety Effects
(%) Monitoring
Measurements
Trumbower 2012 | One treatment ol ~81.0+ 1 Heart rate, Hypoxic exposures
et al. 30 min IHT (60 oxyhemoglobin changedheart and
sechypoxia saturation and  oxyhemoglobin
(Fi020.094) and blood pressure saturation. The
60 sec oxyhemoglobin
normoxia) saturation after 60
sec of hypoxia
dropped to around
81%.
No changes in
systolic and diastolic
blood pressure when
comparing before
and immediately
after IHT
Trumbower 2012 | One treatment ol <75.0 Heart rate, No difference in
et al & 37.5 min IHT systolic blood heart rate, blood
2017 | (90 sec hypoxia pressure and  pressure and
(FiO20.090) and oxyhemoglobin oxyhemoglobin
60 sec saturation saturation when
normoxia) comparing lefore
(Trumbower et and after five
al., 2012) consecutive days of
IHT
Five consecutive
treatmens of
37.5 min of IHT
(90 sec hypoxia
(FiO, 0.090) and
60 sec
normoxia)
(Trumbower et
al, 2017)
Testeret al 2014 | Tendaysof 32 ~97.4 Heart rate and Nothing reported
min IHT (120 oxyhemoglobin

sec of hypoxia saturation
(Fi0, 0.080) and
120 sec of

normoxia)
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Hayesetal. 2014 | Five consecutive 78.0+ 1.5 Heart rate, No changesn heart
treadments of IH systolic blood rate and blood
37.5 min of IHT 81.9+ 1.0 pressure and  pressure
(90 sec hypoxia IH + oxyhemoglobin
(Fi020.090) and walking saturation Heart ratebetween
60 sec 40-160 bpm, gstolic
normoxia) blood pressure

between 85160
mmHg and
oxyhemoglobin
saturation around
75%.

Navarrete 2016 | Fourteen 80.0 Respiratory The oxyhemoglobin

Opazoet al. treatments in 24 83.5% distress, saturation dropped
days of 45 min cyanosis, around 8683 %.
IHT (90 sec sduration of
hypoxia (FiQ oxygen and
0.090) and 90 autonomic
sec normoxia) disreflexia

Oxygen
saturation was
kept around
80% and not
below during
the hypoxic
episodes.

Lynchetal. 2017 | One treatment ol ~ 84.0 Heart rate and No changes indart
45 min IHT (90 oxyhemoglobin rate and oxygen
sec hypoxia saturation. saturation
(Fi020.090) and
60 sec
normoxia)

Navarrete 2017 | Fourteen 80.085.0 Respiratory The oxyhemoglobin

Opazoet al. treatments in 24 distress, saturation dropped
days of 45 min cyanaosis, around 8685 %.
IHT (90 sec saturation of
hypoxia (FiQ oxygen and
0.090) and 90 autonomic
sec normoxia) disreflexia

Oxygen
saturation was
kept around
80% and not
below during
the hypoxic
episodes.

Christiansen 2018 | One treatmet of 81.3+ 1.2 Oxyhemoglobi Nothing reported

et al 30 min IHT (60 n saturation anc
sec hypoxia heart rate
(Fi020.094) and
60 sec
normoxia)
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Sandhwet al. 2019 | One treatment of 82-85 % Oxyhemoglobi  Nothing reported
30 min IHT (60 n saturation,
sec hypoxia heart rate and
(Fi020.090) and blood pressure
60 sec
normoxia)

Other factors investigated in studies that completed research on SCI patients
are cognition and spasticityNavarrete Opazo et al. (201 observed no impact on
cognition in iSCI patients fadwing a month of mild repetitive IHT in combination
with BWSTT. The study used complutense verbal learning test (TAVEC) and the Rey
Osterrieth Complex Figure Test (ROCF) to examine episodic verbal and visual
memory, respectively (Navarret®Opazo et al.,2016). The TAVEC involves
immediate recall, shoterm free recall, longerm free recall and recognition while
the ROCEF tests involves recalling a complex line drawing from memory (Navarrete
Opazo et al., 20H).

Hayes et al2014) investigated IHTability to induce spasticitin SCI patients
because BDNF and serotonin have been linked with spasfibiéystudyreported no
spasticity following IHT. In addition, Tan, Barth and Trumboive®010) review
highlighted that IHT may be able to reduce sp#gtiby upregulating potassium
chloride cotransporter 2 (KCC2) expressilirhas been reported thattivation of 5
HT2a which is essential for pLTF induced by IHT, upregulates KCC2 (&oal.,
2013). Also BDNF has been observaat only toupregulate thexpression of this
chloride transporter and suppress spastimityalso suppresalodynia (Tashiro et al.,
2015; Schulze et al., 2018). In conclusion, IHWMay potentially have far more

beneficial effects on iSCI patients that currently reported.
1.33. Tolerance of IHT by healthy elderly individuals

As highlighted throughout the repoetderly individuals make up the majority
of SCI patients Liu et al. (2017) study provided us with essential information on
various cardigascular andaspiratory mesurement®n the elderly (71 £2 years). The
study monitored heart rate (HR), systolic blood pressure (SBP), diastolic blood
pressure (DBP), SpOmiddle cerebral arterial blood flow velocity (MVA), cerebral
vascular conductance (CVC), cerebral tissue omxygaturation (Scg), breathing
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frequency (&), tidal volume (\f), ventilation (VENT), partial pressure of end tidal

oxygen (RtO2) and partial pressure of end tidal carbon dioxRETCO?2) (Liu et al.,

2017). Table.l.gpr ovi des t he ¢ hangelH{npasurémemsat bas el
the start and end of IHTLiu et al. (2@7) concluded that 5 minuseof acute 10%
intermittent hypoxia was tolerated well by elderly subjects and the I8péls reduced

to 25% without reuting in adverse effectsThe subjects excluded from this study

were: smokers, those with sleep problems or those that in the past 3 months prior to

volunteering for the study lived at altitude2000 m

Tablel.6. Cardiovascular and respiratory measurements atritafid last exposure @
hypoxia (table used with permissionofm Liu et al., 2017)

Group Bout Min 1 Min 2 Min 3 Min 4 Min 5 ANOVA Outcome
AHR (bpm) Elderly 1 +2.1 + 09 +47 + 1.0* +66 + 1.2*' +82 + 1.4+ +7.8 + 1.2 Bout P =0.005
5 +29 + 0.8 +57 * 1.1* +85 + 1.3*' +119 + 1.5 +13.9 + 1.8 Age P =0.001
Young 1 +6.5 + 1.9 +12.2 + 1.6 +138 * 1.6' +16.8 + 1.6' +18.1 = 1.4 Min P =0.001
5 +41 = 1.1 +10.9 + 1.8' +17.1 + 1.9 +194 + 1.5' +220 + 1.7
ASBP (mmHg) Elderly 1 +0.8 + 0.9 -18 + 0.9 -38 + 1.1' -38 + 07" -39 + 1.1 Bout P =0.449
5 ~1.4 %05 -3.0 + 09 -59 + 1.0 45 + 15 -36 + 18 Age P =0.016
Young 1 -29 + 28 -34 + 24 -59 + 29 64 + 26 -6.7 + 23 Min P =0.008
5 -1.8 + 0.8 -49 + 1.1 -62 + 1.1 -53 + 25 -4.6 + 27
ADBP (mmHg) Elderlly 1 +0.7 + 0.6 -12 + 07 -23+ 08 -21 + 07 -2.6 + 1.0' Age P =0.281
5 -0.3 + 03 -13 + 05 -33 + 0.6 -23 * 0.7 -24 = 07' Min P =0.001
Young 1 -14 %13 -13 +13 -33+ 14 -33 %11 -42 % 12 Bout P =0.639
5 -0.8 + 0.7 -15 + 07 -20 + 08 -16 *+ 09 -1.9 + 1.0
AVyca (emy/s) Elderly 1 +0.12 + 035 +1.64 = 0.44 +3.46 = 1.07 +4.55 + 1.13' +5.38 + 1.13" Age P =0.012
5 +1.23 + 053 +3.27 + 1.32 +453 + 1.39 +7.15 + 1.89' +8.05 + 1.80" Min P =0.001
Young 1 +1.15 + 0.49 +2.09 + 0.65 +479 + 111" +7.11 + 1.61 +7.98 + 1.31 Bout P =0.001
5 +1.44 + 0.86 +4.17 + 213" +7.67 + 281" +10.09 + 270 +10.73 + 3.02
ACVC (unit) Elderlly 1 +0.005 + 0.005* +0.025 + 0.006  +0.056 + 0.017' +0.065 + 0.014" +0.082 + 0.015°  AgeP < 0.001
5 +0.018 + 0.006 +0.049 + 0015  +0.077 + 0.014' +0.100 + 0.020’ +0.106 + 0.020'  Min P < 0.001
Young 1 +0.030 + 0.015 +0.042 + 0016  +0.092 = 0.019' +0.120 + 0.023' +0.137 + 0,022 Bout P =0.001
5 +0.026 + 0.011 +0.069 + 0022  +0.119 * 0.025' +0.141 + 0,033’ +0.149 + 0.038
ASa0; (%) Elderlly 1 -58 + 0.6 -11.2 + 0.9' -15.0 * 1.2' -17.9 + 1.5 -20.2 + 1.7 Age P < 0.001
5 -7.4 09 -154 + 1.1*' -19.7 = 11" -229 + 1.6* -256 + 1.9' Min P < 0.001
Young 1 -7.7 * 1.3 -147 + 1.4' -175 * 1.3 -207 + 1.3' -227 + 14 Bout P < 0.001
5 -9.7 + 1.3 ~186 * 1.5' -237 + 1.8' -266 + 1.7 -28.7 + 1.9
AScO; (%) Elderly 1 -4.1 * 04 -7.6 + 0.7* -9.9 = 0.7+ -121 + 0.8*' -13.9 = 0.9*' Age P < 0.001
5 -53 % 0.7 -102 + 0.8' -134 + 09' -15.3 + 0.9 -17.3 + 11! Min P =0.001
Young 1 4.9 + 0.6 -100 + 0.7 -133 + 08’ -158 + 0.9 -18.0 + 09’ Bout P =0.001
] -58 + 0.8 ~11.0 + 0.9 -142 * 1.3' -165 + 1.4' 182 + 1.7
Afge (br/min) Elderly 1 -0.308 * 0.496 0.025 * 0.435 -0.383 + 0.580 +0.033 + 0.277 -0.350 + 0.414 Age P =0.001
] -0.350 + 0.439 -0.133 + 0464  —0.008 *+ 0.587 -0.183 + 0.592 -0.017 + 0.708 Min P =0.781
Young 1 +0.262 *+ 0.419 +0.092 + 0713 +0.131 * 0.673 +0.546 + 0.751 -0.238 + 0.829 Bout P =0.019
5 +1.031 = 0.586 +1.569 + 0703  +1.700 + 0.699 +1.685 + 0.747 +0.715 *+ 0.709
AVy (L/br) Elderlly 1 +0.181 + 0.067 +0.186 + 0.070  +0.228 * 0.062 +0.225 + 0.066 +0.315 + 0.135 Age P =0.911
5 +0.151 * 0.068 +0.166 + 0.068  +0.189 *+ 0.080 +0.275 + 0.083 +0.225 *+ 0.058 Min P =0.439
Young 1 +0.254 + 0.103 +0.241 + 0073 +0.223 * 0.067 +0.270 + 0.101 +0.286 + 0.102 Bout P =0.137
5 +0.134 = 0.048 +0.155 + 0.060  +0.166 + 0.037 +0.269 + 0.092 +0.180 + 0.051
AVent (L/min) Elderlly 1 +2.61 = 0.55 +2.69 * 0.77 +3.14 = 0.84 +3.19 = 0.73 +3.86 = 1.19 Age P =0.032
5 +1.57 + 0.55 +1.79 + 0.42 +2.07 + 061 +2.89 * 0.65 +2.65 + 0.49 Min P =0.189
Young 1 +2.75 + 0.75 +3.15 *+ 0.72 +3.55 + 0.82 +4.08 + 1.16 +3.69 + 1.30 Bout P =0.121
5 +2.60 + 0.58 +3.16 + 0.57 +3.56 + 0.45 +3.78 + 0.61 +3.32 + 0.58
AP0, (mmHg) Elderlly 1 -442 = 19 -54.1 = 1.0' -58.3 * 0.8’ -60.1 = 0.9' -62.7 * 0.8' Age P =0.018
5 -422 * 26 -529 + 1.9 -56.2 + 1.9’ 4+ 1.9' -59.1 + 2.0 Min P =0.001
Young 1 -415 * 20 -552 + 1.3' -59.0 + 1.1' *= 11t -62.8 = 0.9' Bout P =0.001
5 -394 + 20 -49.3 + 2.4' —-515 + 25' + 26 -54.2 + 26
APiCO; (mmHg)  Elderlly 1 -25 * 0.3 -33 + 05 -34 * 06 -38 + 05 -35 * 06 Age P =0.255
5 -28 * 05 -33 + 05 -33 + 06 -37 * 06 -33 + 0.7 Min P =0.001
Young 1 -1.8 * 0.4 -28 + 0.3' -34 = 03' -4.0 * 03' ~4.4 = 04' Bout P =0.308
5 -26 * 03 -35 + 03 -39 + 04' -4.2 *+ 05' -4.5 + 05'

1.34. Aims and objectives

Therehas been consaablefocuson understanding the adaptations that our
bodies go through under hypoxic stress gqadentially IHT can be used as an

intervention to treat a variety of diseases. The dttr@nessof using IHT as a
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treatment for elderly iSCpatientswho canot tolerate vigorous and intensive
rehabilitation methods has been highlighte this report as well as IHT's ability to

enhance the beneficial outcomes of current rehabilitation metHosgver, there is
inadequat&nowledgen the literaturen theneurologicaimechanisnofIHT6 s act i ons

and its tolerance

The aim of this researatasto investigate the underlying mechanism of action
of theHT protocol suggested by Trumbower et al. (20B2it before completing this
research itvas essential to stuydthe tolerance of this IHT protocol and finding an

appropriate intervention thahallengedhe homeostasis of healthy volunteers.

The tolerance of IHT was studied by monitoring heart rate, blood pressure and
saturation of oxygen. Moreover, its effect tre autonomic nervous system was
examined by analysing heart rate variability. The hypothesis states that since the
exposures of hypoxia in this protocsérevery short and lead to a brief decrease in
SpQ, of around 20%, therevould be no significant typical variations in blood

pressure, heart rate and heart rate variability.

Subsequently, theesearchfocused on examininghe sensory and motor
performance of the CNS in healthy individuals before, during and following a single
exposure ofHT, while monitoringthe safety of the participanigo study the integrity
of sensory and motor pathways, common neurophysiological tools wereusedrd
SEP and MEP measurements, respectivdigse measurememsovidedinformation
on | HT O s ab ieheuralyctivityoin tme cminal lca8EPswere measured
by stimulatng the median nerve. The stimulascendedia sensory pathways to the
somatosensory corteand EEG scalp surfaceslectrodeswere used taecord the
waveform.MEPswere measured by stimating the motor cortex at an area targeting
the innervation to the tibialis anterior muscle. This stimalescendedhrough the
CST to the corresponding muscle where MEP wavefavererecorded using EMG
electrodes placed on the muscle belly.

The hypothsis wasthat the functional motor improvements reported in the
literature should show some degree of correlation with changes in CNS motor and

sensory responseBheliteraturehas demonstratatia even a singlexposure ofHT
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is capable in improvinghotor function iniSCI patientsThat has led to thieypothesis

states thatHT enhances the neural activity of spinal pathwtng translates to an
increase in SEP and MEP amplitude. Furthermore, if there is a significant detectable
effect resulting from IH the results from SEPs and TMS will-gary. The null
hypothesis states that there will be no detectable difference in SEP and MEP amplitude

following a single exposure to IHT.

To detect even small changes in SEP and MEP amplitude following a single
exposire of IHT, itwasessential to analyse the reliability of baseline measurements.
In addition, therewas an experimental challenge in using TMS to take MEP
measurements whiakasto accurately control the placement of the coil for subsequent
repeat stimulhon sessions. To overcome this problem, a novel manual navigation
system was developed for TMS coil placement and triggering to minimise variability

in stimulation targeting.

Moreover, since this studgimedto test IHT6 s e énfnmtortfusctionwe
required to investigate the possibility that IHT mayso causechanges in skeletal
muscle metabolism and consequently force. Understanding the peripheral effects of
IHT on muscle function is important in order to evaluate the true potential of IHT to
changeneural pathways. There were tegperimental designs proposed for the study
of IHT on muscle force, one for the upper limb and the other for the lower Timb.
study the upper limb, the first dorsal interosseous (FDI) muscle of the vikand
stimulated andhe generated forcexertedby the index fingeis measuredising a
transducer. To study the lower limb, the peroneal nerve that supplies the tibialis
anterior muscle of the lower legas targeted to evoke dorsiflexion of the ankle.
Outcome measureserethe force generated by activity of tibialis anterior together
with the evoked EMG responsess intermittent hypoxia haseenshown to affect
many system# may also causdirect adaptations in muscle. The null hypothesis
states that detectable changesfarce would not be observed following a single
exposure to IHT.
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Chapter.2. Examining the tolerance of moderate intermittent hypoxia in healthy
subjects

2.1.Introduction

2.1.1. Mild intermittent hypoxia versus OSA

Intermittent hypoxia is most commonly experiedcin people with OSA,
however, with mild controlled exposure scientists have identified many potential
benefits that may result from IHT in an assortment of conditions. It appears that it all
depends on the dose, intervals and duration of intermittertxigypvhich separates
morbid and therapeutic properties (Clanton and Klawitter, 2001).

With severechronic OSA creatingntermittent hypoxiathe airway narrows
during sleep because pharyngeal muscles relax causing the upper airway to collapse
(Malhotra an White, 2002)When theoxygen levelin the blooddrops significantly,
brief periods ofreawakening occuallowing airway recoverySerebrovskaya et al.,
2008 Dale, Mabrouk aniMitchell, 2014). Recurrent hypoxic episodes alter autonomic
nervous system (WS) activity and itcanlead to cardiovascular morbidity in OSA
patients (Abboud and Kumar, 2014; Bisogni et al., 2016; Malhorta and White, 2002;
Sequeira, Bandeira and Azevedo, 2019). To assess this imbalance in sympathetic and
parasympathetic activity tigdies have used heart rate variability (HRV) aadent
work, repors sustained high sympathetic responsiveness in OSA patients compared to
controls (Sequeira, Bandeira and Azevedo, 2019).

At the cellular level oxygen delivery and the clearance of cadiaxide is
compromised during hypoxic episodes because of the obstruction to respiratory flow
in the upper airway. Peripheral chemoreceptors known as glomus cells in the carotid
and aortic bodies detefitictuations in the partial pressure of oxygen, pagressure
of carbon dioxide and pH in arterial blo@slartini, Nath and Batholomew, 2018)
Significant blood gas disturbances cause the depolarisation of the glomus cells and the
release of neurotransmitters. This sensory response is then conveyeeréytsin
the vagus nerve in the aortic arch and the glossopharyngeal nerve near the carotid
bodies which subsequently transmit this information to respiratory centres located in
the medulla oblongata. In addition, central chemoreceptors that indiretaist tiee
build-up of carbon dioxide in the blood are also activated and provide feedback on pH
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levels to the respiratory centres. Collectively, the respiratory centres of the medulla
oblongata respond talirect increased neuronal drive to respiratory nesscl
(diaphragm and intercostal muscles) to enhance tidal volume and ventilation rate as

part of the homeostatic control mechanigMartini, Nath and Batholomew, 2018)

In addition to the above respiratory respgrssenpatheti@ctivationpromotes
vasocostriction to direct blood flow to vital (Abboud and Kumar, 2014; Bisogni et
al., 2016). At the end of each recurrent apnoeic episode, the peripheral vasculature is
still constricted when the cardiac output increasegributingto an increase in blood
pressure (Bisogni et al., 2016Jaemodynamic variations can manifest in chronic OSA
through hypertension, myocardial infraction, arrhythmias, heart failure, heart attack

and coronary artery disease (Malhotra and White, 286&brovskaya et al, 2008

Furthermore, OSA triggers oxidative stress, defined as an imbalance in free
radicals and antioxidants in the body which elicits tissue damage. Oxidative stress
encourages the manifestation of metabolic syndrome comprizingbnormal
cholesterol levels, an ince a s ecell ideath Im pancreatic islets leading to insulin
resistance, and high glucose levels. Moreover, it amplifies the risk of cardiovascular
diseases, atherosclerosis and type Il diabetes (Tahrani et al., 2013; Malhotra and
White, 2002; Serebrovska et al, 2008; Cohen, Riahi and Sasson, 2012).

In contrast, it seems both counter intuitive and surprising that intermittent
hypoxia could serve astherapeutic toolith beneficial cardiovascularespiratory,
neuromuscular and metabolic adaptatjdng only if the dose is mild to moderate
(Chacaroun et al, 201 Trumbower et al., 2012/ogtel and Michels, 203Mackenzie
et al., 2011). Studies are investigating the benefits of a moderate IHT intervention in a
variety of aeas such as exercise tolergnoegnitive performance, respiratory
facilitation, enduranc&ainingand glucose contrgogtel and Michels, 2010; Casas
et al., 2000; Knaup et al., 1992; Mallet et al., 2018; Chacaroun et al., 2017; Trumbower
etal., 2012)Lynch et al., 2017; Trumbowet al.,2017; Navarret®pazo et al., 2016b;
Hayes etal., 2013; Tester et al.., 2018chega et al., 2013; Burtscher et aD04;
Workman et al., 2012; Mackenzie et al., 2011). (Please refdndpter 1 Section 1.31
which provides details on beneficiaffects of IHT in COPD, sports medicine, and

cardiovascular protection
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Table2.1lists a range aftudieseporting positive effects of IHT together with
thelowestSpQ levels that the hypoxia induced in these studies. Please keep in mind
that the interention dose of IHT is differeribr each applicatiorHowever, the table
supports the viewhatan intermittent drop of 25% in Sp@ue to breathing a reduced
level of oxygenis well tolerated without presenting acute or lasting adverse effects
(Table2.1) and for the studies on motor function following SCI the results are highly
suggestive that IHT promotes a degree of functional neuroplasticity (Trumbower et
al., 2012; Trumbower et al., 2018; Hayes et al., 2014)

Table.2.1. Sp@levels reportedn studies using intermittent hypoxia

Author Year Application SpQzlevel (%)
Sandhuet al. 2019 SCl 82.0- 85.0%
Chacarouret al. 2017 Healthy ~74.6
Lynchet al. 2017 SClI ~84.0
Trumboweret al. 2017 SCI >75.0
NavarreteOpazoet al. | 2017 SClI >80.0
Christianseret al. 2018 Healthy 81.3x1.2
NavarreteOpazoet al | 2016 SCI 80.0- 83.5%
Hayeset al. 2014 SCI 78.0+ 1.5 IHT

81.9+ 1.0 IHT + walking
Testeret al. 2014 SCI ~97.4
Schegeet al. 2013 Elderly 90-80
Trumboweret al. 2012 SCI ~81.0=x1
Workmanet al. 2012 Obee® ~80
Mackenzieet al. 2011 Type Il diabetes 92
Burtscheret al. 2004 Coronary heart diseas ~ 76

2.1.2. Tolerance of IHT

Even though everyoneitially responds to low oxygen breathing by an
increase in heart rate anddeop in arterial saturation of oxygen, the toleratwe
hypoxia variegBassovittch and Serebrovskaya et aQ90As Chacaroun et al (2017)
suggested, It may be valuable to examine
of low oxygen and adapt tletervention to receive the favourable effects it can result

in while avoiding a severe dose which encourages deleterious side effects (Chacaroun
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et al., 2017)This is the reason why a hypoxia test has been suggested as a measure of
the reaction to hypogiair breathing (Bassovittch and Serebrovskaya et @8)20he

hypoxia test measures:

1) the timeanindividual toleratesypoxic air breathing of around 100%
FiO. before the Sp&reaches safetybaselineof 85% and
2) the time it takes for the individu&b recover to a normal SpQevel of
95% or greater when returned tbreathing ambientsea levelair
(Bassovittch and Serebrovskaya et aDQ0
2.1.3. Safety of thelHT protocol given to SCI

The focus of thighesiswasto investigate thénterventionprotocd used in
ISCI patientsto improve motor function. The IHT protocoivolved 15 cycles of
repetitivealternating exposures of 1 to 1.5 min of hypoxic (FiO2=9.00%) and 1 to 1.5
min of normoxic (Fi02=21.00%) air (Trumbowetral., 2012; Trumbower et al., PD;
NavarreteOpazo et al, 2017; Hayes et al., 20I#)ese studies monitored heart rate,
SpQ and blood pressure and reported an Sih©p of 15% to 25% with no adverse
effects following IHT (Trumbower et al., 2012; Trumbower et al., 2017; Hayes et al.,
2014; Navarettépazo et al., 2016 Lynch et al., 2017; Sandhu et al.,20Hyes et
al., 2014;NavaretteOpazo et al., 2017). NavarreéBpazo (2016and 2017) also
observed naigns ofrespiratory distress, cyanosis autonomic dysreflexia. Lastly,
Hayeset al. 014) reported that the heart rate initlstudy wasmnaintainedoetween
40 to 160 bpm, the systolic blood pressure between 85 to 160 mmHg and the SpO
remained atevels greater than 75%. However, these studies have not investigated

HRV, which isa useful measuraf ANS function.
2.1.4. Heart rate variability (HRV)

The ANS consists of the sympathetic and parasympathetic branches that
reciprocally interact in the control dfeart rateand other aspects of cardiovascular
function according to changes in @ghexternal and internal environments. The

variability in heart rate catherefore be interpreted teflecta changingequilibrium
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Figure2.1. Normal ECG(image used with permission from
https://upload.wikimedia.org/wikipedia/commons/9/9e/SinusRhythmL abgls.svg
[Accessed 020 March 2021]

HRV defined as the variability in consecutive heartbeat intervals or RR
intervals when measured frothe electrocardiogna (ECG) (Lizamore et al.,2016;
Bobyleva and Glazachev, 2007). The ECG signal consists of three waveforms the p
wave that reflects the depolarizatiof the atria, the QRS complex that reflects the
depolarization of the ventricles and thevave that reflects the repolarization of the
ventricles (Figure.1l). These waveforms occur in a repeating pattern known as the

sinus rhythm.

Usually, 5 minute reordings of ECG are used to calculate REerval but
studies have also taken briefer measurements lasting only 10 seconds (Salahuddin et
al., 2007). HRV analysis exists in the thdemain and frequenegomain. The time
domain analysis involves studyiniget variation of RR intervals (Task force, 1996).

Examples of common timéomain measurements are stated in Talde.
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The most frequently used measure in the ttlomain to study RR interval
differences is theoot mean square of successileartbeatinterval differences
(rMSSD). rMSSD is measured by first calculating the successive time difference
between heartbeadnhtervals in milliseconds, squaring the values, then taking an
average and lastly the square root (Shaffer and Ginsberg, 2017; Task Fée, 19
p.355).

Table2.2. Timedomain analysis of HRV (table used with permission from Schumach

2004)
Variable Description Normal Values
Mean R-R interval The average time interval between heartbeats within a data set. R-R > 750 ms
intervals are measured in milliseconds (ms) and are also called
heart periods.
SDNN (standard deviation of The calculated standard deviation for all R-R intervals within a data 141 £39 ms
normal-to-normal beats) set. SDNN estimates overall HRV and is dependent on length of
ECG recording. In 24-h electrocardiographic (ECG) recordings,
values below 50 ms are considered too low.
SDANN (standard deviation of The standard deviation of mean R-R interval times for all 5-min 12735 ms
average normal-to-normal segments of an entire ECG recording. 24-h ECG recordings are
beats) divided into 5-min data sets, 12 per hour. SDANN estimates
long-term HRV and allows for comparisons over time.
RMSSD (root mean square of The time difference between consecutive R-R intervals is calculated. 27+12ms
squared differences) The value is then squared and averaged. and the square root value

is obtained. The RMSSD estimates short-term HRV and accounts
for sequential order of R-R intervals.

NOTE: This information is summarized from Berntson and others (1997). Crawford and others (1999). and Task Force (1996). Normal val-
ues given are for human adults.

The frequencydomain provides information on the distribution of the signal
across frequency bands and in HRV it can provide insight on ANS. Power spectral
analysis (PSA) was first introduced by Akselrod et(#81) who studied midand
high-frequency peaks following the administration of an anticholinergic drug to block
the PNS and studied the low frequency peaks following the administration of a beta

blocker to inhibit thesympathetic nervous system

The PSA involves three main frequencymmonents: high frequency (HF)
(0.15 to 0.40 Hz range) indicative of RR interval modulatiotwben 2.5 and 7
seconds]ow frequency (LF) (@4 to 015 Hz range) indicative slower RR interval
modulation between 7 and 25 seconds and very low frequency (dbé&lation of
intervals occurring over long intervals (25 seconds and 5 minutes) (Task Force, 1996)
(Table.2.3. The power of the band is quantified using area under the curve. Experts
consider the HF to reflect vagal activity and is dependent on regpiptern while

the LF is influencedby both branches of the ANS but predominantly the sympathetic
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branch For instance, amcrease in LKs observedluring mental stress and moderate
exercise (Martinez et al., 2017 p.38). Normal values for frequéapin analysis of
HRYV are provided in Tabl2.3.

Table2.3. Frequencyglomain analysis of HRV (table used with permission from Schumacher,
2004)

Variable (Unit)

Description

Normal Values

Total power (msla‘Hz)

ULF (ultra low frequency)

VLF (very low frequency)

The total area under the curve in a power spectrum plot. The ms’/Hz
unit is considered an absolute unit of measure.

The peak frequency found in this defined range; obtained from 24-h
recordings and may be a graphical representation of direct current
(DC).

The peak frequency found in this defined range. The physiological

3466 + 1018 ms*/Hz

0.00-0.003 Hz

0.003-0.04 Hz

significance is unknown but may correspond to thermoregulation
VLF power affected by mathematical algorithms of trend
(baseline) removal

The peak frequency found in this defined range. Both parasympa-
thetic and sympathetic activity influences this component, which
may reflect baroreflex-mediated modulatory activity.

The area under the spectral curve wiflun thus frequency range.

Measure represents relative proportional value of LF power to total
power; calculated as (LF power/(total power — VLF power)) X
100. Power in normalized units should be reported in conjunction
with absolute units. Normalization minimizes the effect of change
1n total power dependent on the individual frequency components.

The peak frequency found in this defined range, which is influenced
by both respiratory and parasympathetic activity.

The area under the spectral curve wiflun thus frequency range.

LF (low frequency) 004-0.15Hz

LF power (ms*/Hz)
LF power (nu)

1170 + 416 ms’/Hz
544 m

HF (high frequency) 0.15-0.4 Hz

HF power (msls'HZ) 975 £ 203 ms*/Hz

HF power (m1) Measure represents relative proportional value of HF power to total 29+3m
power; calculated as (HF power/(fotal power — VLF power)) X
100.

LF/HF ratio Calculated as LF power/HF power. This controversial measure 1s 15-20

considered an assessment of sympathovagal balance.

NOTE: nu=normalized unit. This information is summarized from Berntson and others (1997), Crawford and others (1999), and Task Force
(1996). Normal values given are for human adults for stable 5-min electrocardiographic recordings, which is the recommended data set/time
series length for power spectrum analysis.

2.1.5. Improving cardiovascular health by increasing HRV with intermittent
hypoxia

Areduced HRV is linked to poorer coronary health and perhaps an intervention
such as IHT can increase HRV and restoaiediac health (Lizamore et al., 2016).
Lizamore et al. (2016) studied whether 4 weeks of IHT affected HRV in healthy
sedentary elderly participants aged between 45 to 60 years. The intervention involved
alternating exposure of six 5 minute intervals ghdxia (FIiQ 16% to 12%) and six
5 minute intervals of normoxia. They investigated changes in HRV by measuring

rMSSD and RR interval which are resistant to breathing artefact.

The study reportethat in the fourth week of the hypoxia exposure intervention
there was 15% decreasin rMSSD, a 10% decrease iR ihterval with a 9% increase
in heart rate whemn individual transitioned from breathing normoxia to hypoxia
(Lizamore et al., 2016).
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In contrast, therevereno apparent fluctuations in rMSSD andalterate in the gnap

that was exposed to normoxMoreover, the study reported that the ABaptedo
repeated intermittent hypoxic exposures. After 4 weekypbxic exposuréherewas

a 16% increase in rIMSSD compared to basdliramore et al., 208). For the sham
group they reported a 6% decrease in rMSSD. Knowing that reduced HRV is linked
to poorer cardiovascular health this increase in rMSSD may serve as a beneficial
intervention for those that are unable to exercise and live a sedentaryidifesty
(Lizamore et al., 2016)

2.1.6. Aims and objectives

The aim of this chaptewasto explore the IHT intervention and document its
safety by monitoring blood pressure, Sp@eartrate and HRVHRV was used to
study changes in the autonomic nervous systemiigctiv

Therewereseveral stages theinvestigation:

1) Primarily, the study investigated
using the hypoxia test thatasintegrated in the hypoxia machin@r{ePlus R3
GO2Altitudg used in the study.

2) After knowirg that participantsouldtolerate low oxygen levels the effect

of the IHT intervention delivered by our hypoxia machireeexamined. The
literature reports that during recovery, normoxia is delivered to participants.
However, the hypoxicator used hergamaticallydeliveredhyperoxia during

the recovery period. Therefoir@eaim wasalso to explore whether theneas

a difference between the results of recovery during normoxia or hyperoxia.

As the interventiowasgiven to healthy subject&,was expetedthat
there will be no difference administering hyperoxia instead of normoxia in the
recovery intervals of IHT. The ratiorer breathing hyperoxic air rather than
normoxic air during the recovery periagasthat itwould assist recovery from
hypoxia without potential ventilation/perfusions restriction limiting oxygen

saturation of venous blood passing through the lungs.
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3) Lastly, unpublishedpilot studiesconducted by the authowsing the
Trumbower et al. (2012HT protocol, showed that thatervention did not
sufficiently challenge the homeostasis of our healthy subjects. A potential
confoundingfactorthat was considered w#sat theOnePlus RZ502Altitude
hypoxicator devicecycled between hypoxia and hyperoxia during IHT
sessions. Accordinglyto increase the homeostatic challenge to subjects the
IHT cycle duration was increased from 1 min to 2 min intervidiereforethe
resulting protocol adopted heirevolved an IHT dose of alternating intervals

of 2 minutes hypoxia (Fi&» 9.00%) interspesed with 1 minute recovery
periods (hyperoxia Fi& 20%).

To summarise, this chapter serves as an initial assessment on the safe use of
the OnePls R3 GOZ2Altitude hypoxicator and to establish an effective IHT
intervention. The outcome from this chaptexs to provide aiHT protocol to use in
assessmentbf effects on sensory and motor pathways via SEP and MEP

measurements, respectively.

2.2Methodology
2.2.1. Subjects

Ethics approval was obtained from the ethics committee ofltireersity of
Strathclyde.Fourteerhealthy adults (9 men and 5 women; mean age, 27; range, 26 to
36 year} were recruited from staff and students of the University of Strathclyde.
Please note that all subjects were pseardtonymised by allocating a study-Hmber
that begins with IHT fobbwed by an integer (ex: IHT1). The purpose of th&sto
mai ntain confidentiality arEgdcluspn aitereac t t h
included any participant with prexisting high blood pressure conditions, a history of
blood clots or cardiovastar disease including narrowing of arteries, angina/chest pain
on exertion, congenital heart disease or respiratory conditions including upper
respiratory tract infections, asthma, chronic bronchitis, emphysema or tuberculosis.

Please refer to th&ctivity and Health Questionnaire in AppendiXk).
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2.2.2. Experimental design

Prior to investigating the safety of the IHT intervention, by monitoring blood
pressure, Spf) heart rate and HRV, participants were required to complete a
preliminary GO2Altitude Hpoxia test to ensure that they can tolerate low oxygen
levels. This primary exposure to hypoxia eases the participant into the IHT
intervention and reduces the initial anguish associated with the concept of breathing

air with low G content.

Before expsing participants to the IHT intervention, two preliminary
experiments were completed to explore the intervention and make sure that it
challenges the homeostasis of the healthy participants to a level reported in the

literature. The preliminary experimannclude:

1) Comparing IHT with Hyperoxia versus Room Air breathing during

recovery periods
It was identified from previous pilot studies, that the hypoxia machine

delivershyperoxia rather than normoxia in the recovery intervals of the
IHT intervention. "hereforejt wasdecided to studthe difference irSpQ
levels when administerindhyperoxia or normoxia during recovery
intervals When the participant was exposed to hyperoxic intervals they
were asked to keep the mask on for the entire interventior whiiing
normoxic intervals the participant was asked to remove the mask. The later,
disrupted the hypoxia interval and made participants very anxious.
participants were studied and it is believldt proceeding with removing
the mask every recovemterval was not an effective method of delivering

the intervention.

2) Exploratory IHT intervention to study participant tolerance when
extending the hypoxia interval from 1 minute to 2 minutes while keeping
the hyperoxia interval at 1 minute

As mentioned, vious pilot studieshowed that the intervention bf
minute hypoxia interspersed with 1 minute recovery did not sufficiently
challenge the homeostasis of healthy subjects. Accordmghgtocol with
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a longer duration of hypoxia was essential to ingast andto be safe 5
rather than 15 intervals of 2 minutes hypoxia @E@00%) paired with 1
minute of recovery at FiQevels of 21.00% to 40.00% was delivered to
the participants. The purpose of exposing participants to a shorter IHT
interventionwasfor safety as a 2 minute hypoxia interval has not yet been
documented in the literature. The aim of this study was to judge if any
adverse vital sign events accompanied this pattern of stimulatibran
additional aim that was tmbserve whether the hgpia stimulus in healthy
young participants resulted in an Sg€vel equivalent to those reported in
the literature in patient studies (approximately 80%). Four participants
were initially recruited At some point during the interventiorall
participantseached an unsafe level of SpBat required the interruption

of the intervention until their SpOreached 78% or abovéloreover,
participants reported breathlessness and slight dizzmésshis dose of

hypoxia.

Following these investigations, theitial IHT protocol that involved 1 minute of
hypoxia (FiQ=9.00%) paired with 1 minute of recovery at Fiévels of 21.00% to
40.00%was adopted as was impossible to study duration of hypoxia between 1
and 2 minutes. The issue was thathlgpoxia nachineused in the studgonstrained
theincrease in interval duration of hypoxia and normoxia by a factor of 1. With this
protocol the Sp@ heart rate, blood pressure and HRV were studied. Moreover,
measurements of rate of recovery and drop of:3p(@ he time shift of Sp@from

the Q intervention were also studied. These measurements pdownidemation on

the tolerance of the intervention and whether theasa physiological adaptation to

low oxygen.

To keep the flow of the report simple thethoalogy for each study will be
followed by the relevantesults sectionTo summarise, fir§t participants were
exposed to the hypoxiast; thiswas followed bytwo preliminary experiments were
completed to study the IHT interventioand lastly, the durgin of hypoxiawas
finalised to one thathallengedhe homeostasis of the participants enough where their

SpQ levelwasdropped to approximately 80%, as reported in the literature.
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2.3.Preliminary GO2Altitude hypoxia test
2.3.1. Methodology

The hypoxa test is a programe available in the OnePlus REBO2Altitude;
(Melbourne, Australip Participantresponsivenes$o hypoxic air breathingvas
studied using this programm@assovitch and Serebrovskaya,02D It involved
inspiring11% oxygen through face maskwhilst monitoring the time for SpQo fall
to 85% and thereafter measuring the Sp&covery period whe the maskwas
removed, and the participamsumedreathing ambient ail.he devicanstructedhe
participantsto remove their face mask whehe SpQ reachd the target safety
baseline of 85%SpQ waslogged by the hypoxicator device continuously and a chart
recording thdaime it takes for th&SpQ to drop to 85%, and the time it takes for the
SpQO to recover to normal levelsasproducedode t er mi ne t heactionndi vi c

to hypoxic breathing.

y l . 002, %
Sp02, %

] Type Il

. \ Type lil : ]
| W ;

o
Typel

.
Time, min

Type II: Longer arterial desaturation Type il: Th‘is is‘a reactif)n for
Type I: Quick drop in SpO, (30- time (90-180) and a shorter recovery people familiar with hypoxia such
90 sec Jand a long recovery time period (20-60 sec) as mountaineers or athletes who
(60-180 sec) regularly hold their breath. Reduce

arterial oxygen saturation is often
more than 5 min and the recovery
time back to 95% SpO2is very short

Td: time to descend
Tr: time to recover

Figure2.2 Three ategories for hypoxia responsadghs of each response are used wi
permission and created into one figure where a summary of each response is added;
Bassovitch and Serebrovskaya, 2009)

According to Bassovitch and Serebrovskayad@@n individual response to
this testwasassignable t@ne of three categories Type Iresponse shows20-90
sec drop in Sp&with long recovery tne of 66180s, a Type Il response shows3-
180 sec drop in SpQvith ashort recoveryime of 20-60s while theType 11l responder
shows prolonged>5 min) time for SpG to reach 85%and recovery is veryapid
(<20s) (see Figure2.2 for illustration of esponder Types | to Il)AIl of the
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participantsperformed this test andased on their response timesre allocated to

one of the three type$heresults were analysed offlime Matlab.
2.3.2. Results

The hypoxia tesstudieds u b j teleranse do Ypoxia,andacted to provida
familiarisationto the basic equipment sap allowing subjects to gain experience of

breathing hypoxic air prior to continuing to full participation in the experimental study.

Figure 2.4displaysan example of a Type Il aridype Il hypoxia test response
recorded during these experiments and Table 2.4 collates the classification type of all
the participants recruited in the study (n=Rlease refeto Appendixl.2) to view all
the individual graphs.

All participants recrited for this studyshowed good resistant@the hypoxia
stimulus with rapid recovery and with no reportadverse effectsAs seen in
Table.2.4, 11 participants were allocated in Typ@@-180 sec drop in SpQwith
short recovery of 260 secland 3 paticipants in Type Ili(> 5 min for SpQ drop and

recoverywasvery short).

The hypoxia test demonstrated that all subjects were considered suitable

recruits for the study and no volunteers were excluded from further participation.
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Figure.2.3 Example of a Type Il and Type lll Sp@sponseA) and C) show the Sp®
response and) and D) heart rate.On the top of the Sp@raph the Td and Tr values ar
reported in seconds. In Type lll, because the participant did not drop below :
measurements of Td and Tr are not provided. Measurements efaBdeart rate were
taken every smsnd.

Table2.4. The response to hypoxia for each healthy participant

Participant Code Hypoxia Test Type
IHT1 Type Il
IHT2 Type Il
IHT3 Typell
IHT4 Typell
IHT5 Typelll
IHT6 Typell
IHT7 Typell
IHT8 Typell
IHT10 Typelll
IHT11 Typell
IHT12 Type |l
IHT13 Typell
IHT14 Type Il
IHT15 Typell
IHT16 Typelll
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2.4. Comparing IHT with Hyperoxia versus Room Air breathing during recovery
periods

2.4.1. Methodology

In the literature, during the recovery period the participant breaths room air at
sea level (21.00% Fi&) however, as mentioned above tievice used here delivers
higher oxygen concentrations during the recovery period. Therefore, it was considered
important to study the logistics of removing the mask during the recovery interval and
to then also investigate whether breathing room af ée r ed t o as O m
experiment) challenged the homeostasis of the participant more compared to being
connected to the hypoxia machine, with hyperoxia breathing (approximately 40%
FIO)) during the recovery inter v.dMbreoter,ef er r
it was essenti al to record the participe
interval as making the participant anxious could interfere with measurements of SEPs
and MEPs.

Two participants, IHT1 and IHT2, were recruited for this stuay lsecause this
was a preliminary experiment, the interventidested 15 minutes rather than 30
minutes (the usual duration reported in the literature). The IHT protocol involved 1
minute of hypoxia (Fi@= 9.00%) interspersed with 1 minute of normoxia @O
21. 00 %) in the Omask offo6 experi ment or
experi ment . The &édmask ond experi ment wa
experiment with tweweek gap (washout) between sessions.

To show each participaist response to IHWith or without a mask during the
recovery interval, the SpQalues were graphed over time and a box plot of the SpO
response was produced to show the spread of the data. The analysis and graphs were
completed in Matlab.
2.4.2. Results

These preliminaryneasurements from two participants (IHT1 and IHT2) are

showing the timing control and dosage of IHT when keeping the mask on throughout
the intervention and when removing the mask every recovery interval. The latter

allows the participant to breath room ether than hyperoxia.
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Figure2.5. B summarises the Sp@ata using a boxplot for participant IHT1
and IHT2. For participant IHT1 the median, shown in red, has a slightly higher SpO
for the dmask offd experi ment aganSE5 % whi
median of 91%. The J5and 7% percentiles, displayed in blue, are 85% and 99% for
the Omask ond6 experi ment and 88% and 99
whiskers display the range of Sp&vhi ch is 72% to 100% f o
experimenend 63% to 100% for the dmask off & e

For I HT2 the median is 92% for the 0n
6mask offo exX'periceeant | eThe BY% for the 0
86% for the Omask o"péréamtileix 8% nbathecases. Then d t h
rangeof Spepwas 74 % t o 100% for the Omask onod
the Omask offd experiment.

In the &édmask offd experi menteveltihe sub
participant IHT1 the SpOwas 9% lower inthed mask of f 6 exper i me
participant IHT2 6% lower. However, the process of putting on and off the mask every
minute was stressful for the participant and precise control over the initiation of the
hypoxia intervals was lost.

Moreover, it is importanto mention that the SpQevel reached by the
participants in the O6mask ondé and dmask ¢
to previous pilot studies. The participants reached a level of, edw 80%.

Therefore, respuses to IHT vary from individal to individual.

It was also clear that when breathing room air the minimum &w@Is were
experienced at the end of the hypoxia episodes suggesting that during hyperoxia an
effect is to reduce the extent of the Sp&@l within hypoxic intervalsDue to this and
the better control of timing measurements a decision was taken to retain the use of
hyperoxia during the recovery phases of IHT and for subjects to retain mask breathing
throughout IHT sessions.
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Figure2.5. A) The SpQ@ response of two participants IHT1 and IHT2 with or witheugtaring

the hypoxia machinmask during the recovery period. Wearing the mask providgehlevels
of SpQin order to ensure the participant recovers back to 100%,%gtre hypoxiaB) A box

plot showing the spread of the datatinh maskbod and dnask odf ex per i me

participant (IHT1 and IHT2)The box plot displays the madiin red and the bottom and to
edges show the ?3nd 79" percentiles in blue. The whiskers show the minimum and maxi
SpQ (%).

2.5.Exploratory IHT inte rvention to study participant tolerance when extending
the hypoxia interval from 1 minute to 2 minutes while keeping the hyperoxia

interval at 1 minute
2.5.1. Methodology

Since previous preliminary experiments (Toli, 2017) showed that the IHT
intervention only weakly challenged the homeostasis of healfarticipants
experiment&xploing an IHT intervention with a longer hypoxia intervagre carried

out Due to timing control limitations of the GO2Altitude hypoxia machthe IHT
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interval examined inclded a2-minute hypoxia period paired with 1 minute of
hyperoxia recovery.

As a precaution we began our investigation deliveanty 5 cycles of IHT
compared to 15 cycles that are usually given to SCI patients (Hayes et al., 2014;
Trumbower et al., 2017 heinterventionexposed participants fove intervals of 2
minutes of hypoxia (Fiex9.00%) paired with 1 minute of recovery at Fiévels of
21.00% to 40.00%. Asafety SpQ@ baselinelevel was set at 78% that warned the
experimenter to remove the parti pant 6 s Spialevdd decréaset lelw this
value.

Four subjects volunteerddr the experiment investigatintpe latency(lag
time) of their SpQ response anekcoveryto this IHT protocol. For individual analysis,
the average SpOresponse fromeach IHT cycle was produced and graphed.
Thereatfter, a grand average for all subjects was calculated and plotted using Matlab.
2.5.2. Results

The results generated from the four participants are shown in Figure 2.6. The
Figure illustrates the cycle aveyes calculated from the time of onset of each hypoxia
interval. Due to the long latency of the respiratory response to hypoxia the minimum
SpQ is only reached during the hyperoxia breathing periogsking it difficult for
the experimenter to predicttpea r t i dinalfSp( lévél ehen breathing atlow
oxygen levelgFigure.2.§. Thetiming andlevel of SpQ drop is variable for each
participant (IHT3: 80%, IHT4: 84%, IHT5: 77% and IHT6: 86%4)h the minimum
average (all subjects) Spt@vel reachig 82%.

Moreover, Figure2.6 clearly showsthe delayed responsef all subjects to
hypoxia withIHT5 showingthe longest delagf approximately 40s before Sp€lls.

IHT5 was the only participant in thexperimenthat was allocated to Type 11l during
the hypoxia test.

Lastly, it is important to mention that all four participants reported
breathlessness and slight dizziness with this doshypbxia as the experiment
progressed and, in all cases, 8> cut off at 78%wasreached at some point during
the intervention Accordingly, a decision to maintain a 1 minute hypoxia period was
taken to avoid potential adverse events and interruptions to experiments due to a need

to terminate sessions where Sgéll below thresholds.
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Figure2.6. Shows théHT given to éur healthy participant§IHT3, IHT4, IHT5, and IHT6)A)
Is an example of the Sp@sponse (participant IHT3B) Shows the 9(%) over time (secin

the top panel and in the bottom paitedhows theo2 (%) event dependent averaging of the B¢

(%) responses to tHelT intervention. The graph displays the average of all IHT cycleségoh
participant as well as the grand average. The grand average is displayed in black.

2.6.The IHT intervention adopted involved 1 minute hypoxia (at FiQ= 9.00%)
interspersed with 1 minute hyperoxia (at FiQ between 21.00% and 40.00%)
2.6.1.Intermittent hypoxia training (IHT)

As the protocol with a longer hypoxia dose period was not welatdd it was
concluded that the intervention by Trumbower et al. (2012) described below was best
suited in terms of maintaining subject compliance and safety over the duration of
experiments to be performed in this thesid would provide a more direcroparison

to be drawn with prior published work. Measurements on key vital signs are reported
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here for volunteers undergoing this IHT protocol consisting ofroimeite intervals of
repeated exposures of hypoxic@&F 9.00%) and normoxic/hyperoxic (Fi© 21.00

to 40.00%) air. The participant was asked to sit comfortably and breatmally
though a maskonnected to the air outflow of the GO2Altitude hypoxicaitie SpQ

safety baseline level was set to 78%0n the previous sectiomhis safetynechamnsm
works by warning the experimentefBpOt o r
level decreaseand remainbelow 78%SpQ level.

2.6.2. Vital Sign Measurementshjood pressure, saturation of oygen and heart

rate)

To study the safety and toleranaiethis IHT intervention in healthy subjects
we monitored blood pressure, saturation of oxygen and heart rate.

Blood pressure measurements were taken manwéltlyan Omron M10-IT
blood pressure measurement devistng standard method3wo recordings, @
minutes apart, were taken before tH@ intervention Furtherrecording weretaken
approximatelyl5 mirutesinto theintervention and at0 and 30 minutes following
cessation of IHT. The blood pressure measurements were taken from 7 participants (5
men and 2 women; mean age, 28; range, 24 to 36 years).

Arterial oxygensaturationSpQ %) and heart rate was measured continuously
for the entire 30 min of the IHIhtervention througla pulse oximetesensor whose
output was connected to thgpoxicator which also stored the Sp@ata in digital
form. The SpQand heart rate measurements were taken frbhealthy adult€® men
and 5 women; mean age, 27; range, 26 to 36 years
2.6.3. Analysis

As mentioned earlier the participants recruitethiastudywere allocated into
two groups (Type Il and Type 1ll) depending on their response to the hypoxia test. In
the previous preliminary experiment where the 2 minutes of hypoxia was studied, the
participant that was allocated in Type Il had a longer lag twompared to the
participants allocated in Type Il (Figure.2.6). Therefore, it was decided that the blood
pressure, Spf) heart rate and HRWould be shown separately for each type as well
as together, so the reader has the chance to visually comparesutts. réleven
participants were allocated to Type Il and only three in Type Ill, making it impossible

to complete an accurate comparison between the types using statistical methods.
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Blood pressure measurements were recorded aidoneng and postHT. The
raw data of each participantds measur e mg
standard deviationThe average measurements across all participants -dtpre
during IHT and posHT were submitted foOneway repeated measurdsNOVA
(p<0.05) to study it significant change occurred over time (n=7). The analysis was
completed in SPSS and the graph in Matlab.

For the Sp@the raw data of each participant and the grand average is displayed
on a graph. A box plot was also constructed to show the spreaelddita. Moreover,
the study reports measurements of time shift in the.Spii®n compared to the
intervention (the @concentration given at eaatterval) werereportedas well as the
rate of drop in Sp®and the rate of recovery in Sp’he ime shiftwas calculated
from the minimum Sp&to the minimum @and the rate of drop and rate of recovery
were measured by calculating the slope. These measurements were taken for each
cycle of each participantdos r esvgvdomnse as V
They provide insighinto thesubject® e x p e r i ¢his HE intervemtionrdgse.
In the results section the grand average Sp@veformwas analysedirst. Images
displaying the shift in the grand average Sp@veform compared tore shownn
this section tooSubsequently, themeanand standard deviation across all participants
for time shift, rate of drop and rate of recovery is displayed on a graph. The analysis
and graphs were completed in Matlab and Excel.

To illustrate the heart rate, raoving average was calculated over a sliding
window of 30 RR intervalsAdditionally, as in the Sp©data a box plot was
constructed to show the spread of the data. The graph was constructed in Matlab.

To measure HRYthe heart rate (bpm) was convertéato RR intervals

measured ims( p 1 i then rMSSD was calculated using Riease refer

to Table.2.2 for how rMSSD was calculateasd bothRR andrMSSD were graphed
every 20 seconds. Therefore, during thraiiute intervals we provide 3 measurements

of RR and rMSSDIt is important to mention that a PSA analysis was not used because
we believe it was not an appropriate measure for cyclical hypottiaa lag timeThe

analysis was completed in Matlab and the graphs in Excel.
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2.6.4. Results
In the results sectiotine data is presented in the following order:

1) blood pressure results before, during and following IHT recorded from 7 healthy

participants

2) SpQ measurements during the IHT intervention recorded from 14 healthy

participants

3) SpQ time shift when cmparing it to the IHT intervention, rate of drop in SE@d
rate of recovery in Spi t hese measurements were take

response and from the grand average Sp&¥eform)

4) heart rate measurements during the IHT intervention recdrded 14 healthy

participants and

5) HRV measurements of RR and rMSSD calculated using the heart rate (bpm)
measurements recorded during IH@m 14 healthy participants

Blood pressure measurements were recorded while exploring the IHT
intervention. Thex are more measurements of $j@@d heart rate because they were
gathered during the SEPs and TMS experiments that will be discussed in the following
chapters of the thesis.

2.6.4.1.Blood pressure

The blood pressure measurements of eactigpant is dsplayed in the igure
2.7. In panel A) the figure displays all the participaetsept IHTS who was allocated
in Type Il while B) displays all the participantsgether The mean and standard
deviation across all subjectfigure.2.7B) at each stage ofhe intervention (pre,
during and pstIHT) was calculated and @neway repeated measurésNOVA
showed no significant difference in the mean systolic and diastolic blood pressure,
Wilks' Lambda®f.177, F(4,3)=3497, p=0.166 and Wilks' Lambda®.59],
F(4,3)70.519 p=0.733, respectivelyat the different measurement times relative to
IHT exposure despite what appears a trend for a decrease in systolic pressure
immediately after IHT (post IHd).
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In Figure.2.7A, the graph displays the average excluding pagidigHT5.
The Oneway repeated measur@gsfNOVA showed no significant difference in the
mean systolic and diastolldood pressuréWilks' Lambda= 0.143F (4,3) =3.971,
p=0.143andWilks' Lambda= 01.95 F (4,2) =0.511, p=0.745, respectively
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Figure2.7. Blood pressure measurements (mmHg), systolic and diastolic, yislpfar each
participant (IHT1,IHT3, IHT4, IHT5, IHT6, IHT7and IHT8 andthe mean with the standar
deviationin black. Oneway repeated measureSNOVA was used to examine if thevasa

significant difference in blood pressure over time. p<0.05 is displayed with &) txcludes
participant IHT5 that was allocated in Typk &ccording to the hypoxia test whil) includes
the entire pool of participants.

2.6.4.2. Saturation of oxygen

Figure2.8, displays the Spg&responsef each participant in Type Il (A), each
participant in Type Il (B) and all the participants (C). The average measures are

displayed in black. Looking at the results in Figure.2@tae box plots ifrigure.2.10
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it was concluded that theravere no clear differences in the responses between
participants in Type Il and Type IlIHowever, a statistical analysis could not be
completed as there were only 3 participants allocated in Tiyp#éile there werell

participants in Type Il

In Figure.2.8.A we can see from the individual responses that following the
first exposure to hypoxia themgas a higher level of variability in Sp0and most
participants displayed the highest drop in SpOthe first hypoxia cycleOut of 13
participants SubjectqIHT1, IHT3, IHT4, IHT7, IHT10, IHT11, IHT12, IHT14 and
IHT15) showed thi®ehaviorduring thefirst exposure to hypoxida his wasexpected

as itwasthe first exposure to low oxygen.

The lowes$ SpQ level reached by each participant is displayed in T2lde.
with IHT6 demonstrating audden drop in SpOto 68% that triggered an alarm
resulting in facenaskremoval and allowinghe participanto breathed room aiOnce
normal breathing was +established §2 secondsand the subje& comfort and
willingness to proceed was determindioe face mask was refitted amdtervention
resumed (Figure.8.A). This adverseincident occurred only once during the
intervention and the participant did nopogt any concerning adverse effects during
and following IHT.It is believed that this occurred because the sensor was not in good
contact with the skinA supplementary graph was created, Figlieto show how
this drop in Sp@ by participant IHT6 affeled the average response. As clearly
displayed the effeavasminimal (Figure2.9).
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Figure2.9.Original averageofSpOz(%) in blak and bllowing the removal of the 68 Sp@rop by
participant IHT6 is displayed with a dashed red line

In Figure2.10the box plots show the spread of the data of the.Spia first
box plot displays the SpQesponse of participants allocated iyp€ I, the second
box plot displays the Spesponse of participants allocated in Type Ill and the last
box plot shows the data of all participants together.

In Figure.2.10.A (Type II) the median Sp(®») is displayed in redt 98%
and the lower quaté (28" percentile) and upper quartile {79ercentile) are
displayed in blue, 96 % and 99%, respectively. The minimum value is 68% and
maximum is 100%. For Figure.2.10.B (Type lll) the median is 98% and the quartiles
are 95% and 98%. The maximum and imimm are 100% and 82%. For the entire
dataset the median remained86 with lower (28" percentile) and upper quarsle
(75" percentile) at 96% and 99%, respective(fFigure.2.10.C)The minimum Sp@
(%) is 68% which corresponds to participant IHT6 gremaximum Sp&(%), 100%,
which corresponds to the recovery perid@ble2.5 showsthe lowest Sp®@level
reached by each participant which rametween/5% and92% (if 68% drop is not
included. This is a big range and highlights that thereiadesidual differences in the
response to IHT.
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Table2.5. Lowest SpQlevel reached by each participaltring IHT

Participant Hypoxia test result Lowest SpQ(%)
IHT1 Type Il 83
IHT3 Type Il 82
IHT4 Type Il 88
IHTS Type llI 82
IHT6 Type Il 68
IHT7 Type |l 82
IHT8 Type |l 88
IHT10 Type lll 86
IHT11 Type Il 75
IHT12 Type |l 83
IHT13 Type Il 91
IHT14 Type Il 92
IHT15 Type |l 89
IHT16 Type llI 83

2.64.3.Time shift and rate of rise and drop analysi®on the grand average Sp®@

Figure.2.11 shows the average Sp&€spons (shown in black inigure.2.§
together with the ®@intervention. It is clear that the concentration of oxygen the
participants breatid, as part of the interventiomasnot in synch with measurements
of SpQ. Thismadeit challenging to predict the participadtesponse thiypoxia. In
Figure.2.11 the original response of S@@d Q (A) is illustrated and in (B) thBp&
response is shifted so is in synch with the first couple of cycles @it€vention
From Figure.2.11.B it is clear that the Sphangedver time andan increase in the
time shift suggests adaptation (highlighted with a blue box in Figure.2.11.B).
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Figure.2.11. Demonstrating the SpM®lack line) and @(orange line) measurements. A) Sho
the original response and B) shows the response shifted so the first cycles are in synch
O delivered to tk participants. The blue box highlights when the response was out of :
showing well how the Sp@hanges over time. Please note thataxis is not added because tt
graphs have been overlaid and moved around.

Figure.2.12.A displays theeverageperiod of thegrand averag8pQ waveform
and (B) displays the slope measurements to study the ratgpahdSpQ in each cycle
and the rate of recovery in Sp@ each cycle. Measurements of slope are displayed
in Figure.2.13.

Therate of recovery measured from the grand average waveform efviggsO
0.13 £ 0.065pO%/secand the mean rate of drop in Sp@as0.09 + 0.025pOQ%/sec
(meant standard deviation) (Figure.2.A3. Moreover, here is a rapid recovery in the
first intervd with a slope of 0.27 Sp@b/sec (Figure.2.13). In the subsequent
intervals the rise in SpOncreasewasshallow suggesting sanstabilization in the
physiological/homeostatic response (Figure.2A)13A shallow slope is also observed

in the rate of drop in SpOThis suggests that the interventivaswell tolerated.
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Figure.2.12.C displays the time shift analysis and the reargtshown in
Figure.2.13.BThe period of the respons&sl23 + 8 seconds (Figurel2.A) and on
average theravas a time shift of 85 + 10 seconds (meanstandard deviation)
(Figure.213B). Moreover, theravasan adaptation to the brief hypoxic episodss
the time shiftstartedat around 80 seconds and laterinareasedto 100 seconds
(Figure.213B).

Overall, these measurements show that over time tix@s@ consistency in
the physiological response to IHT. The IHT intervention ssbsafe andvaswell
tolerated by the participants. Moreover,appearedhat over time theravas an
adaptation to the brief hypoxic intervals awik longer for their saturation of oxygen

to drop.
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Figure.2.12. Demonstrating the analysis on the grand average &sponse. A) Displays th
period which is on average 123+ 8 seconds, B) demonstrates the rate of drop and rate of r¢
and lastly, C) shows the time shift of the SE3ponse compad to the Qresponse. If the SpO
was in synch with gdelivery the location of Sp@vould be similar to the staggered line respon:
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Figure2.13.A) Therate ofrecoveryandrate of dropin SpQ(%)/Time (sectalculated for
each cycle of thgrand average responsB) The time shift of the Sp@seconds) respons
from the Q delivery response measured for each cycle of the grand average response

2.6.4.4.Average rate of recoveryand drop in SpO; acrossall participants and

time shift

Figure 2.14, 2.15 and 2.16 display the rate of drop and rate of recovery4in SpO
for all the participants (n=14), type Il (n=11) and type Il (na8spectively These

measurementsrgvide information on how quickly the participants are using up
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oxygen and how fast they recover when given hyperoxia. The slopes seem consistent
throughout the intervention. However, it appearsithtte first cycle of hypoxidype

Il participants(Figure.2.15 B)) have a steepeate of recovery compared to Type Il
participants(Figure.2.16 B))Unfortunately the comparisoran not be statistically
comparedecause of the lack of participants allocated in Typ@#B). In Type I,

as previoust mertioned, there are only 3 participants.

Type Il

—e—drop
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Figure2.15. A) Therate ofdrop in SpQ(%)/Time (seckalculated for eacltycle of the Sp©O
response an®) the rate of recovery in SpOThis is an average of all the participants that we
allocated in Type Il (n=11) and the standard deviation is displayed as error bars.
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Figure2.16.A) Therate ofdrop in SpQ(%)/Time (secxalculated for each cycle of the Sp(
response an®) the rate of recovery in SpOThis is an average of all the participants allocat
in Type lll (n=3) that were allocated in Type Il and the standard deviatiaisig@ayed as error

bars.

Figure 2.17 provides information onethime shift(lag) of the SpG signal
compared to the timing of the change in inspired oxygen leivele responses were
perfectly synchronised then theg time would be zero amb time shiftwould be
seen The linear regression line fitted in the first few cycles skdw positive
correlation of 0.94 when all the participants were inailide.87 for Type I
participants and 0.78 for Type Il participants. A positive €aition in the time shift
indicatal that participantsook longer to respond to low oxygen breathing. Moreover,

it wasevident that there is an increase in the standard deviation meaning thatabere
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a higher variability in the participants response.sT$uggests that participants may
have beerusing a different methods to compensate for the low oxyggch as an

increase in tidal volume or an increase in breatfreguency.
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Figure2.17. Time shift of the Sp(econds) response from thed®livery response measured f
each cycle. The measurements were averaged across all particiggntacfoss all Type Il
participants(B) and lastly, acrossIaType Il participants(C). The data are displayed as mean
standard deviation. The red staggered line displays the positive correlation of the first few
and the R value is reported on each graph.
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2.6.4.5 Heart rate

Figure2.18 shows the heart ate measured fromeach participant which
remainedvithin 57 bpm to81 bpmthroughout the tests (Table.2despite 9.0% FiO,
hypoxia exposure. Accordingly, no adverse effect ontheae was observed with
IHT.

As you can see from Figure.2.18 graplmfreach participant were separately
produced and grouped in relation to whether the person was a Type Il or Il responder.
No obvious differences between participants in Type Il and Type Il graps
apparent in heart rate measures. Again statistiasis could not be performed as
only 3 participants were allocated to Type lll. Interestingly, the participant with the

lowest heart rate, IHT3, was allocated as Type Il in the hypoxiéTalste.2.6)
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@ 40 IHTS
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Figure.2.B. Heart rate recorded during the IHT intervention graphed over time (sec). Heart rate
all participants that were allocatedl) Type Il (n=11) and) Type Ill (n=3) during the hypoxia test
andC) all participants graphed together (n=14)) Shows the IHThterventionwith 0, (%).
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Thebox plos of Figure 2.1%howthe spead of heart rate measuremefats
participants in Type Il (Figure.2.19.A), Type Il (Figure 2.19R} forall participants
(Figure2.19.C).

Figure.2.19.A the median heart rate is displayed in red which at 71 bmp and
the lowerquartile (2% percentilg and upper quartile (¥5percentile) are displayed in
blue (62 bpm and 76 bpm, respectively). The minimum heartwast3 bpm which
correspondedo participant IHT3 and the maximum of 93 bpm was observed in
participant IHT8, (see also Table.2.6). Foyp€ Il subjects (Figure.2.19.B) the
medianwas 78 bpm and the quartiles 74 bmp and 82 bpm. The maximum and
minimum heart rates recorded were 94 bpm and 67 bpm. When Type Il and Il data
werepooled (Figure.2.19.C), thmedian heart rate (bprejjualled to73 bpm and the
lower quartile (28 percentile) and upper quartile {7Hercentile)were64 bpm and
77 bpm, respectively. The maximum and minimwas94 bpm and 43 bpm. Table.2.6

shows the range of heart rate for each participant.

These data collectivelgonfirmed that there wasio obvious change in heart
rate measurements across Type Il or Ill participants or between the Type

classifications.
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data for all of the participants (n=14).
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Table2.6. Range of heart rate for each participant during IHT

Hypoxia test Heart rate
Participant result range (bpm)
IHT1 Type Il 63 to84
IHT3 Type I 43 to 64
IHT4 Type Il 56 to 73
IHT5 Type Il 76 to 94
IHT6 Type I 59 to 87
IHT7 Type Il 56 to 88
IHT8 Type I 70 to 93
IHT10 Type llI 67 to 85
IHT11 Type ll 66 to 87
IHT12 Type Il 59 to 80
IHT13 Type ll 56 to 74
IHT14 Type Il 54 to 69
IHT15 Type Il 67 to 83
IHT16 Type I 70 to 87
26. 4 He@.art rate variability (HRV)

Fig2a20 .l |l ustAMS esedhmens,e mruavindi nigdTi nf ¢
on how chall engwards@rt he ei Aptagintneamdpaasnet .i n sy
nerve activity overdat lteh adio mimage wnaht il KA G
per hhaplsed to adsecbeasfhestistained high b

rate.

The top panel Figure 2V 2fe aAs usrheomwesn t tsh
participants that had a Type 11 respons
il lustrates measures from Type 111 subjec
of all participants.

From these results wgee craens psoenes et hhaats Tay

i nterval ranging between 847 ms and 939 |
RR revgacnusgeg ed 2Retmweamd 826 ms. Statistic
appropriate as the number of Type 111 sul

As extped, fluctuat iwenasp gar @rhte iRR rienst pea
Il HT interventwem®hbhst st batnloglmead s hiam gteh g 60
1000 Umstanietal., 1998)
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I n contrast, the results f o)r crovhgpSaDr eadr
to the nor mal | evelldmMst ®ep &5t ends )i ( Sthlad fleirt

et al;.Umetapietlar, 1998( Fi gu)y e€hiks2@Per haps indica

sympathetic activity.

Overall, in Figure.2tR2® war tciami pcal netasr |
chall enged by the IwABoi hnereasei om Bytmpt
over time. This means that the intervent.
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Figure.220. During IHT measurements of RR intervals (ms) and rMSSD (ms). Measurement
hypoxia are highlighted in grey. The measurements in between the grey ones are taken ¢
normoxia interval A) Displays the averagof all Type |l participants3) displays the average of
Type lll participants ancC) is an average of all participants together.
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2. 7. Di scussi on

Mild to moderate i nter neietnt ernd p ohrytpeodx i tao
wi despread advantageous physiological e f
are beginning to |l ook closely at its pot
fitness, and enhance at hl edt,i ct hpee rdfoosrema nicr
and duration of the I HT intervention is
suggests that mild to moderate | HT prot
avoiding the potential adveeséHadftdats oa

in cases of OSA.

This ekpptoerd t heff dIna bpae rgs pdegenttmea®ms ur i n ¢
a range of vital bdiopnd meaeswsuex,i nelaudi Mm@
heal t hyexspdy eltHTsoprantThe®alpk ot hat was adopt
suggested by TruanbdbwesekIChldaqRdOnttas) as
aimMotfouncti on recovery. The Il iterature h
capablienprn ewalnigi ng ability, smasndli eag stbraém
(Trumboweret al., 2012; Hayes et al.,2014; Navar@igazo et al.2017).

Our preliminary measurements showed t he
minute hypoX.i®@%FiiOnt er spersedcd=w21.h0A%mi o
4090 does not adversely stress the resp
extending the hypoxia period to 2 minut e
reports of fatigue and dizziness. These a
deviyclei g bet weenokymoxi £Loanechypwpedy res.t
to preserve a safe environment for the f
the | HT protocol o& = D. O0PAUte nhgpepieas¢dd
recoviedy2(FO0O0% to 40. 00%) should be adopt

Theesul td€ hauggvasth t hitshd HTesmdrese etnad i b
intervals vary among pd&ohterpangschahges
pressure, heardiwerrat en,cetH RPVhsdemee sSiplOt s s how
there is a vari abtidlidgryancce etacc hl HpTaran dc i ppear

i Nt er meptdbsexa i met hewhteat umel ementing | HT

117



i n subjects . .wiMoh enwiee r,\baldu darlplye t o consi de
exposures of the intervention cause an af

needs to be admifnoilsltoewiendg tsoe vtehreaol p aebxi paohsaui rr

an adagmebathad il £ nignedoorvee rd ett ai | s ome g thli tss
and speculations are described in the se
2. 7. 1. Results from pilot studies on the
Two pil ot studies were completed before

be used lionwitrhgge cdfhbapters of the thesis. Pr

the | ogistics of removing the mask every
intervention given to i SCI patients 1invo
than hypgypeaoamnéda intervals that were pr o

i n t hi s DOiffecdtiesrira ¢comtrolling timing of mask on and off motions
introduced variation in the hypoxia/normoxia intervals and reduced subject
compliance during the experimeniNevertheless, in the tests completed no
observational difference could be detected in the vitgh sheasurements when

n o r mo mask off)( périods were compared to hyperox@énésk o) recovery
intervals. Accordingly, the hyperoxia cycling of the GO@f&de device was not

considered to be lindranceo intermittent hypoxia stimulation.

It is important to mention here that tlexel of hyperoxia given to the participant
by the hypoxia machine depends on how low their Sh@pped during the hypoxia
interval. In this way the machine delivers adequate oxygen concentration capable of
recovering the SpfQevels back to normal within the 1 minute resting interval. It is
believed that in healthy subjects, where oxygen uptake across the lungs is not
compromsed and when there is no underlying cardiovascular disease, that
haemoglobin oxygen saturation occurs sufficiently rapidly that there would be
minimal differences in endapillary oxygen levels irrespective of normoxia or
hyperoxia air breathing.

Following this study, the investigation progressed by examining a longer dose of
hypoxia. The purpose was to find an intervention that challenged the homeostasis of
healthy participants to a level reported in the literatlire.e dose dur ati on
was Setmithautes while the dose duration of
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protocol was not well tolerated by healt't
breathlessness and di z z.iJusta8Gseadnd increase int he |
the duration ohypoxia interval crossed the line from a safe intervention to one that

exhibited adverse effects.

TrumbowérOdl3m@ldi ed a | onger insetrvabd o
1.5 minutes and reported good tlpdeeiramticse
recruited for tdhiisspedgrelriimemg oldrddinovtascu
complications. It would have been interes:c

but the hypoxt aemaxduelhd anecht svteed . &f mh ynp o>

As a | onger duration of hypoxia was no
Il nvestigation continued using the origin:
involved 1 minute intervals of hypldhxei a
following sections provide resuldtws tdf Dbl
this I HT dose.

2.2/1Bl ood pressure and heart rate

Measurements of blood pressure before, during and following IHT showed that the
interventionwas safe. In fact, geemed that IHT slightly decreased the blood pressure.
In the average acrosdl participantghe systolidblood pressure decreased during IHT
and further decreased in measurements right #ftér and slowy recovered in
measurements dt5 minutes and 3@ninutes followingIHT. The range of systolic
blood pressure in this study w85 mmHg to 135mmHg which was similar to the

range reported by Hayes et al. (20@#85mmHgto 160 mmHg.

Similar to blood pressure, heart rate measurements were within almange,
considering that the participant was exposed to brief periods of hypoxia. The heart rate
range reported by Hayes et al. (2014) was 40 bpm to 160 bpm and for our study it was
43 bpm to 94 bpm. Please keep in mind that Hayes et al. (2014) usgiutlst klinger
duration of hypoxia, 1.5 minutes, which could account to a slightly higher systolic
blood pressure and heart rate.
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2.73. HRV

Studies investigating the benefits of IHT in iSCI patients have not considered
HRV. This measure provides inform@t on ANS activity. Measurements of HRV
were derived from heart rate measurements that were taken during the IHT
intervention. The focus was to examine whether the intervention was safe and well
tolerated by the healthy participants. Measurements of IRM8SD show that the
intervention challenged the participants without an increase in sympathetic activity

over time that would indicate potential issues with the intervention.
2.74.SpO.

Moreovewas SmO@asumad oandpyariddéi ctthhea st st udy
with the 1 minute hypoxia and 1 2inievet e n
ohround 75% tei &9 btelwkeilcsh riespor t,e d 5% tioSC
85%Tr umbower et al ., 2Q¥2chTrd Mdaarate r 2Ot 7
Opazo et al., 2016 Hayes et al., 261. Furthermore, Christiansen et al. (2018), who
investigated the same IHT pozol in healthy subjectwithin the same age group as
our subjects, reported &pQ drop of 81.3t 1.2%(mean tstandard deviatipn=21)
andnoadverse effects. Our study reports similar values:#83.226 (mean tstandard
deviation, n=14).

Moreover, some important information that has not yet been reported in the
literature is that 69% of the participants had their lowest drd@pi@ in their first
exposure of hypoxia and looking at the grand average $xponse it seems that
following the first exposure to hypoxia, participants had the steepest rate of recovery.
The steeper rate of recovery was also seen in the average eespooss all
participants allocated in Type Il but not observed in participants allocated in Type IllI.
Apart from the first cycle in the rate of recovery the rest of the measurements are
consistent. A consistency in the measurements were also obserkiedatet of drop

in SpQ. This indicates that thiaterventionis well tolerated.

Lastly, the Sp@response cannot be easily predicted as it is out of synch from the
O. percentage delivery, and it seems that the lag time measured in seconds increases

as paticipants become more accustomed with the intervention. This is observed in the
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measurements taken from the grand average $p@eform as well as in the average
taken from measurements across all participants. A positive correlation of 0.94 was
observedin the first few cycles of théntervention Subsequently the response is
variable because participants are more stimulated and are possibly using different

mechanism to compensate for low oxygen breathing.

In the wuture clinicians may need to take intansideration that over time there is
an adaptation to the IHT intervention dose and this may require to change the dose of
IHT so the patient can still receive the benefits ofititervention This is likely to
occurwith cumulativeinterventionsand it s worth investigating this in the future.
Moreover,even though measurements on the ratr@band rate of recovelin SpQs
as well as the time shjftlid not provideadditionalinsight from this study,they are
valuable measus¢o monitorhow the phymlogy is adapting to IHTgdaptations are
likely to berelated to anmprovement of respiratory fitness following several IHT

exposures).
2.7.8. Conclusion

To conclude, this chapter foaasl on finding an appropriate IHT intervention that
challenged thedmeostasis of our healthy subjects by briefly reducing the [epéls.
This chapter showthat the IHT intervention, which comprised of 1 minute hypoxia
interspersed with 1 minute normoxia, was successful in dropping thd&SgDof our
participants tdevels reported in the literature. Moreover, the safety of this intervention
was studied by monitoring blood pressure, heart rate, 8p@HRV. There were no
adverse effects reported as well as no concerning changes in heart rate and blood
pressure. Simdr outcomes were reported in healthy subjects and patients with iSCI
(Trumbower et al., 2012; Trumbower et al., 2017; Christiansen et al., Falldwing
this chapter, the investigation will continue with examining the mechanism of action

of IHT on spindpathways in healthy subjects.
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Chapter.3. Studying the effects of IHT on cortical SEPs in healthy subjects

3.1. Introduction
3.1.1. Intermittent hypoxia and iSCI

Intermittent hypoxia is an attractive potential supplementary treatment to
further enlance motor improvement observed following existing rehabilitation
methods or as a standalone treatment for clinical populations that cannot sustain or
engage in intensive physical rehabilitation approaches (Trumbower et al., 2012;
McCaughey et al., 2016; ayes et al., 2014; Welch et al., 2020). There are several
studies that have been conducted on iSCI patients showing that even with few
exposures to IHT there are functional benefits in walking speed, walking endurance,
dynamic balance and muscle strengttu(mbower et al., 2012; Trumbower et al, 2017;
Hayes et al., 2014; Navarre@pazo et al., 2016b; Navarrédpazo et al., 2017).
However, there is limited information on the mechanism through which IHT exerts an
influence or where its sites of action exigthin cortical or spinal motor or sensory

pathways.

Research on IHT as a potential therapy for iSCI rests on the foundation that it
strengthens synaptic inputs to phrenic and other respiratory motor neurons leading to
spinal respiratory plasticity andeghaps a similar cascade of events may also lead to
plastic changes in somatic motor pathwggmhead et al., 2001BakerHerman and
Mitchell, 2002; Bach and Mitchell, 1996; Lingt al.,2001;, Hoffman et al., 2010;
Golder and Mitchell, 2005; Hoffman anditehell 2013; Fields, Springborn and
Mitchell, 2015;AgosteMarlin and Mitchell, 2017Hoffmanet al, 2013; Hoffmaret
al.,2010).

3.1.2. Investigating the mechanism of action

Thefirst stepto understanding more aboitlte neural mechanisms associated
with the functional benefits observed following IHT in human subjects should include
conducting neurophysiologictdsts teassess the functional integrity of ascending and
descending pathways of the spinal cardl whether IHT alters excitability in these
systems Christiansen et al. (2@) was the first to provide evidence that IHT alters
corticospinal function in humans by measuring MEPs. The study used an IHT protocol
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that consisted of 15 cycles with alternating exposures of 1 min hypoxie=(~i9)

and 1min normoxia (FiG=0.21) and assessed cortical, subcortical and intracortical
excitability before, immediately after and at 15, 30, 45, 60 and 75 minlkh®st
Christiansen et al. (2018) observed an increase in MEPs measured from the first
interosseous nacle (FDI) and in one participant the effect lasted up to 120 min
following IHT. However, the increase in MEP amplitude was observed without seeing
changes in motoneuronal excitability. Motoneuronal excitability was measured using
F-wave following supramamal stimulation of the ulnar nerve at the wrist suggesting

a cortical effect mediates the effect of IHT on MEPs (Christiansen et al., 2018).
3.1.3. Somatosensory evoked potentia|lSEPS)

As cortical excitability is influenced by sensory feedback it $& @anportant
to determine if increased excitability or conduction change in ascending spinal tracts
is influenced by IHT. Furthermore, as traumatic SCI commonly leads to disruption of
of both sensory and motopathways(Marino et al., 20@) and motor contd is
dependent on sensory feedback, it is important to examine whether IHT changes the
transmission of sensory stimuli along those spinal tracts commonly damaged in SCI.
Testing of dorsal column tracts using somatosensory evoked potentials (SEPS)

providesan opportunity to do this is a standard and simple way.

SEPs largely activates the larger myelinated muscle and cutaneous afferents in
peripheral nerve (Type A fibres) that transmit information via the DCML pathway
(Markand, 2020, p.139). This is a thvexer sensory neuroascending pathway
where the firsorder neurons have their cell bodies at the dorsal root ganglia neurons
and relay sensory information, such as touch, proprioception, vibration and pressure
from skin, musclestendons, joints and wsra, to be processed within the primary
somatosensory cortex and relayed via the thaldWesdner, Rupp and Tansey, 2017,
p.34-39; Macerollo et al., 2008 Refer toChapter 1 Section 1Bgure.1.1.

SEP recordings are commonly used as research andatlagssessments to
pinpoint disruption and conduction problems in sensory pathvi.aysguma or cord

compression) as well as demyelination (i.e. multiple sclerosis) (Nuwer, 1998; Cruccu
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et al., 2008) and in the cortical or sobrtical (thalamic) resp@e to a sensory

stimulus.
3.1.4.Recording SEPs

The SEP technique was first described by Dawson in 1947 and is used to
investigatethe integrity of ascending spinal pathways by recordiogtsynaptic
evoked potentials using surface scalp electrodes follpvai transcutaneousrief
electrical stimulation ofx superficial peripheralmixed nerve(i.e. median nerve or
posterior tibial nervejMacerolloet al.,2018; Caizhong et al, 2014; Mauguiere et al,
1999; Crucu et al.,2008. Potentials recorded followingtimulation of a lower limb
peripheral nerve (i.e. posterior tibial nerve) have a longer latency compared to upper
extremitypotentials(i.e. median nerve) (Giblin, 1964; Cruccu et al., 2008) due to the
longer conduction distances within the respectivepperal nerves and ascending
fibres lying within the dorsal columns. Individual evoked potentials recorded by scalp
EEG are of very low in amplitude around 10 pV (tens of uV smaller than baseline
EEG activity) and require amplification, ppeocessing usig standard filter settings
and event averaging for adequate analysis of the waveform latency, size and shape
(Markand, 2020, p.2; Maguiere et al., 1999).

SEPs, as mentioned, are usually recorded from the brain but they can also be
recorded from the spinabrd. Spinal SEPs have a smaller amplitude and are generally
more difficult to record. However, having the ability to record SEPs from the brain
and spinal cord allows scientists and clinicians to assess of the functional integrity of
the somatosensory thavay at different levels. In the clinic, spinal SEPs are frequently
used to evaluate the possible presence of a spinal lesion in multiple sclerosis patients
(Markland, 2020). In this study, measuring the first components of cortical SEPs was

sufficient toevaluate the somatosensory pathway of healthy participants.
3.1.5. Monopolarand bipolar SEP recordings

SEPs can be recorded using monopolar or bipolar EEG electrode
configurationgMacerollo et al.2018. The bipolar configurations mainly record the
nearfield potentials generated following activation of the neural pool aftefidiar

effects are minimised by the differential recording between closely spaced electrodes.
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Monopolar recording measures both nield and farfield potentials (King and
Dumitru, 1994; Passmore, Murphy and Lee, 2014) across electrodes that are placed at
a greater distance apart that for bipolar recordingsfi€ldr potentials are usually

small in amplitude as they are generated by brain areas far away from the recording
electrode (King and Dumitru, 1994; Passmore, Murphy and Lee, 2014). The
configuration used or recommended for use depends on the need of the investigation
but in all cases bipolar configurations can be derived from multichannel monopolar

montages by simpleaighmetic calculations between pairs of electrodes.

3.1.6. Nomaclature of SEPs

To reveal the underlying timecked components of the SEP waveform, it is
generally recommended to average betw&@3-1000 samples. The waveform
consists of peaks and trougylas seen in Figui2l, where each component is named
based on the polarity of the waveform, (P for positive and N for negative), followed
by the latency in ms. For example, the N20 is a negative peak with a latency close to
20ms (Markand, 2020, p.11; @rcu et al., 2008) in the upper limb. However, note that
the use of terms such as N20 can capture waveforms of latencies near to 20ms but
considerable variance in the latency can exist between subjects due to height or limb

length differences.

Stimulus AN

Amplitude (uV)
b
A

Time (msec)

Figure3.1. Diagram of the analysis performed for the SEP datese are three baseline
SEPs recorded in this experént.
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3.17. SEP: Frequency of stimulation

Thefrequency of stimulation is chosen carefully by considering the site that is
being stimulatedMarkand, 2020, p)2 It is important to appropriately select the
frequency of stimulation aslagh frequency campactthe wavéorm morplology
whereas a low frequency increaghe acquisition timgMarkand, 2020, p.2). For
median nerve and posterior tibial nerve aroundsak& stimulation pulse is usually
advised (Markand, 2020).

3.18. SEP Filters

For SEP recordings, filtersay be used to improve sigAaknoise ratio. There
are many different filter types: lopass, higfpass, bangbass and banrstop and they
should be used carefully as filters can introduce artificial components that affect
latency and amplitude of the sidn@&avid et al., 2019) and once a standard filter
setting has been chosen it should not be changed otherwise comparison between
repeated measures can be problemé&ticthermorejn clinical investigations where
latency components are commonly measuredifaynostic purposes it is important to
capture high frequency features and it is common to adopt one of the following
common filter settings 0-3000 Hz, 31000 Hz and 3000 Hz (Navid et al. (2019)
and a high sampling rate between 5 KHz to 20 KHz.

3.19. Difficulties recording evoked potentials

Difficulties when recording evoked potentials can include: high impedance of
stimulating electrodes or recording EEG electrodes and high amplitude
electromagneti@rtefactsarising from the local environment,ehelectric stimulus
waveform or subject movement causing motion of the electrode or its cable (Markand,
2020, p.143). Reducing electrode impedance requires good electrode placement
technique involving cleansing the electrode site from oils and dead skiebth
allowing the electrode to make good contact with the skin and using an appropriate
electrolyte gel as an interface between the electrode and skin. Use-pbladsing
metal as the electrode (e.g. gold or silver/silver chloride) is recommended and a
recording environment with low levels of electromagnéatierference isnormally

essentialPoornima et al., 2013A frequent high amplitude background artefact is
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muscle activity arising from the muscles of the face and neck (Markand, 2020, p.143)
andto avoid this, subjects are instructed to stay still and relax as much as possible
during periods of SEP data collectiagbzkul and Uckardes, 20D2

3.1.1Q SEP analysis

Analysis of SEPgenerally include: onsdatencies,peakto-peak latency,
absolute pak ampitude and peako-peak amplitude(Macerolloet al.,2018). These
measurements are usedmake inferencesegardingchanges in neural activiignd
conductioralong the somatosensory pathw@wset latency is the time it takes for the
stimulus to geerate an evoked potentiaithin the input target neuronal networks of
the somatosensory cortéRoornima et al., 2012). It provides information on central
and peripheral conduction time and is affected by limb length and he&ighte
conduction velocityand the excitability of the thalamocortical relay neurones within
the pathwayThe earliest or first cortical SEP peak denotes arrival of activation to the
cortex and this is the component greatly affected by height, limb length and overall
conduction tine (Poornima et al., 2012). Petkpeak latency, absolute peak
amplitude and peato-peak amplitude provide information on excitability (Marcello
et al., 2018).

An increase in amplitude of cortical SEPs is associated with hyperexcitability.

For instance, Bmada et al. (2007) showed that in amyotrophic lateral sclerosis (ALS)
there is an increase in N20 amplitude meaning that for the same strength of stimulation
the somatosensory cortex response is greater than expected, a sign of hyperexcitability
of the nairons activated in the cortex by the incoming sensory stimulation. As sensory
inputs are capable in modulating motor cortical excitability it is thought that this may
represent a form of plasticity where the response to sensory input is heightened to
compasate for effects of the disease (Hamada et al., 2007). Accordingly, it is the
objective of this chapter to explore if features of SEPs generated by peripheral nerve

stimulation are sensitive to IHT.

In Figure3.1 illustration of three baseline SEP measueats are shown and
these form the basis of the measurements made ini@Ria used here. In Table.3.1

a listing of the common parameters associated with median and posterior tibial SEP

127



recordings are given. In this study SEPs were recorded followangtiimulation of
the median nerve as it is a simpler task to keep the stimulation electrodes in place over
this nerve for the entire 2 hour experiment when compared with sites for tibial nerve

stimulation.

Table3.1 Parameters for median and posterior tibial SEPs (table used with permissior
Markand, 2020, p.142)

Technical factors Recording parameters
1. Nerves to be Median N. in the upper limbs
stimulated Posterior tibial N. in the lower limbs
2. Site of stimulation ~ Wrist for the median and ankle for the posterior tibial nerves
3. Stimulating Surface electrode or needle electrodes
electrode Cathode placed proximal to anode
4. Stimulator Constant current or constant voltage
5. Stimulus Rectangular monophasic electrical pulses of 100-300 microsecond in
duration
6. Stimulus rate 3-5/sec
7. Stimulus intensity ~ Consistent and visible muscle twitch
8. Analysis time 40-50 msec for median SSEPs
80-100 msec for posterior tibial SSEPs
9. Filters 30-3000 Hz (-6 db/octave)
10. Sweeps per <500, usually 1000
replication
11. Replications At least two
12. Sedation Often required for optimal recording

3.1.11 Median nerve SEP waveform meanings

For median nerve stimulation, the firstentifiable event relatediave occurs
around 20msThis componenor i gi nates i n Brodmagynds al
somatosensory cortex (Andrew et al., 2015; Passnurphy and Lee, 2014Jhis
is an important peak tdigly as it represents the response to the arrival of the afferent
volley via the DCML to the somatosensory cortex. $&eond peakN27is associated
with processingof information by the posterior parietal cortex and secondary
somatosensory cortex (Poamaet al, 2013)The third waveataround 30nsinvolves
sensorimotor integrationetweersites includinghe thalamus, premotor areas, basal
ganglia and primary motor cortex (Andrew et al., 2015; Passmore, Murphy and Lee,
2014; Mauguere, 2005; Kamoda, PQ). This peak is affected by voluntary muscle
contraction (Passmore, Murphy and Lee, 2044 pathologyFor instance, muscle
tone in patients with Parkinsonds di sea

(Passmore, Murphy and Lee, 2014).
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3.1.12. SEPsind neuroplasticity

Of interest for this study is the interpretation that an increase in SEP peak
amplitude is indicative of an increase in primary cortical neural activation that if
persistent may be indicative of synaptic plasticity in the somatosensamgx cor
(Andrew et al., 2015). Plasticity in the sensorimotor brain regions have been observed
following a motor training task (Haavik Taylor and Murphy, 2007; Andrew et al.,
2015) and given that IHT is reported to influence motor cortical excitability it is
important to establish if parallel changes may arise in the response of the

somatosensory/sensorimotor activation to sensory stimuli.
3.1.13. Abnormal cortical SEPs

Abnormal cortical SEPs include the absence of a waveform which is associated
with somatoensory brain damage or deafferentation and changes intpeaiak
latencies (Markland, 2020, p.1468; Passmore, Murphy and Lee12). The table
below, Table.3.2summarises the common median nerve SEP abnormalities when
pathology is present. In thisusly detrimental effects on SEPs in response to IHT will

also be looked for as adverse events.

Table3.2 Median nerve SEP abnormalities and interpretations (table used with permiss
Markand, 2020, p.168)

Median SSEP findings Most probable interpretation

1 N9, N13, and P14 are normal, but N20is Conduction defect between foramen magnum and
delayed (prolonged IPL P14-N20) sensory cortex, but not involving the cortex

2 N9, N13, and P14 are recordable at A dysfunction either in the sensory cortex itself
normal latencies, but cortical response 1s  or the thalamocortical projections to the sensory
absent cortex

3 N9 and N13 are recordable at normal Conduction block in the intracranial
latencies, but P14 and N20 are absent somatosensory pathways rostral to foramen

magnum
4 Normal N9 but delayed N13 or P14 A conduction defect in the sensory system central

(N9-P14 or N9-N13 IPL prolongation) to the brachial plexus and below the foramen
magnum (peripheral and/or central involvement)
5 Normal N9, prolongation of both Conduction defect central to the brachial plexus
N9-N13 (P14) and N13 (P14)-N20 IPLs  below and above the foramen magnum
6 N9 has prolonged latency, but centrally =~ Conduction abnormality is peripheral as may

generated components are occur with a neuropathy
proportionately delayed (i.e., IPLs are
normal)
7 NO is absent but centrally generated Test is interpreted as normal; absent N9 may be
components recordable at normal technical
latencies

8 N9 is absent and N20 recordable but ath  Slowing of conduction most likely peripherally
prolonged latency with delayed or absent (e.g., neuropathy) with or without central
N13 and/or P14 components conduction slowing

N9 measured from bra@ plexus potentials; N13 measured from dorsal column potentials;
P14 measured from stdwortical potentials; interpeak latencies (IPLs)
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3.114. Continuous hypoxiaand SEPs

The effect of IHT on the somatosensory system, based on current publications
has not yet been investigated. There are hewanimal and human studies, that have
examined the effect of continuous hypoxia on SHRswever, t is important to
mention that studies investigaty | HT 6 s a b i | neuropal glasticity mdeu c e m
highlighted that the intermittent aspect of theatment is critical in eliciting plastic
changes irmotoneurongBaker and Mitchell, 2000; Trumbower et al., 2DaAd this

form of hypoxia and its effects on SEPs remains untested in human or animal studies

Haghighi et al. (1992) recorded corticataspinal (measured from electrodes
placed on the skin surface over the spi8&Ps duringight posterior tibial nerve
stimulation in rats following graded hypoxia (moderate £i®5.75 %, severe F9
10.5 %, extreme Fi&5.25%) for 10 minutes and subseqgtre-oxygenation for 15

minutes.

’ HYPOXIA l

Bassiing (21%0;) 1575% 0, W5 O, 529%0,

Time (milksaconds)

Figure3.2. Cortical SEP (CSEP) and spinal SEP (SSEP) under norrloéeline)
and hypoxiaffgure used with permissn fromHaghidhiet al., 1992)

Moderate hypoxia did not change cortical or spinal SEP latencies when
compared to baseline but cortical SEP amplitude increbge84 % compared to
baseline(p=0.02) following reoxygenation (Haghidhi et al., 1992)The study
concluded that spinal SEPs are less sensitive to cortical SEPs during hypoxia and that
the transient increase in cortical SEP amplitude is probably associated with the
disinhibition of intracortical inhibitory interneurons (lwayama et al., 138&ghidhi
et al.,, 1992 A similar moderate prolonged hypoxic exposure (Eil1%) for 10

minutes in healthy subjects, however, showed no changes in latency and amplitude of
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cortical SEPs measured during posterior tibial nerve stimulation (Ledsome et al.,
1996)

In addition, Haghidhi et al. (1992) obseneedlowing in frequency of the SEP
waves in severe hypoxia (indicative of slowed conduction and reduced excitability)
and complete silencing of SEPs in extreme hypoxia in adult rat studies. Similar results
with severe hypoxia were also observed in dogs (Mcpherson, Zeger and Traystman,
1986). This is shown in Figure.3fBom the Haghidhi et al. (1992) study which clearly
demonstrates the cortical and spinal SEPs at baseline and its changes following 10 min
of hypoxia (moderate, severe and extreme). Such results illustrate the effect of
prolonged extreme hypoxia on brain tissue and may indicate a stress respopse as O

delivery to the brain declines.

3.115. Aims and objectives

This studyinvestigatedthe effectsof IHT on the somatosensory system by
examining changem latency(onset latency and pedépeak latencypf the SEP
waveform recorded from the sensorimotor cortex during IHT and changes in amplitude
of the SEP waveforrbefore, during and following IHTuto 30 minutes. This the
first study to examine the central sensory effects of the IHT protocol used on iSCI

subgcts by Trumblower et al (2012)

SCI disrupts sensory and motor pathways in the spinal cord and motor
rehabilitation requires both survivavithin motor output pathways and sensory
feedback pathways. Accordingly, the hypothesis is that if IHT induces plasticity in
cortical systems effects may be demonstrable in tests of both sensory and motor
pathway function. Christiansen et al. (2018) wdtadied the effects of IHT on
corticospinal function of healthy subjects reported an increase in MEP amplitude.
Therefore, we expect that if IHT acts on the somatosensory pathways we will observe
an increase in SEP amplitude following IHT even in healthbjexts. SEP amplitude
has been reported to increase in rats following a 10 min continuous hypoxia exposure
(Haghidhi et al., 1992). Therefore, perhaps continuous conditioning of short hypoxic
exposuresnaylead to plastic changes in sensory pathwalisnull hypothesis state

that no significant detectable difference in amplitude or latency of SEP signals
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following IHT would occurand this result would isolate any effects of IHT to motor
output pathways independent of sensory pathways. The effects oohtHSEP
amplitude and latenayereexamined using a Ongay ANOVA. Therefore, a{value

of > 0.05would indicateno significant detectable difference in the results. A-@ag
ANOVA was chosen because it statistically compares the variance in group means
while considering only one independent factor which in this case is IHT.

3.2. Methodology
3.2.1. Subjects

Ethics approval was obtained from the ethics committee ofltineersity of
Strathclyde.Six healthy young volunteef4 men and 2vomen;28.5+ 3.8 yearg were
recruitedfrom staff and studentst the University of StrathclydeAll subjects were
pseudeanonymised by allocating a study-idmber thabeganwith IHT followed by
an integer (ex: IHT1). The purpose of thiasto maintain confidentiality ahprotect
t he part i c iExclasoh diterianerdteersame &sywsereported in Chapter
2. Please refeto Appendixl.1) to look at the Activity and Health Questionnaire.

3.2.2. Experimental design

The studyconsistedof two sessions. In tharét session the volunteers were
asked to read through the information sheet, provide a written consent and lastly,
perform the hypoxia test. If the participant was happy to proceed with the IHT
intervention, and also considered as Type Il or Ill follonangypoxia test, they were
scheduled for the second session a week later.

In the second session SEPs were measurkd. testing conditions were
controlled. The experiment tkgplace in a quiet room witdimmed lights to aid
relaxation of the participanOgkul and Uckardes, 20023EPs were recorded from
surface scalp electrodegile stimulating pulses were applied to tmedian nerve at
the index finger using ring electrodes (Ozkul and Uckardes, 2Q8lagianni et al
20138.

Prior to recording SEPs|eaning of the skin where electrodes will be placed
is required to reduce the impedance. SE€ordings were taken prior, during and

following IHT. Three recordings were taken prior to thREH interventionto look at
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consistency one recording towards thend of the IHT intervention and three
recordings following IHT (immediately after, at 15 min and 30)auring IHT heart
rate and Sp@&levels were monitored.
3.2.3.Peripheral stimulation: Median nerve
3.2.3.1. Skin impedance

Prior to placing the eleades for stimulation thekin was cleaned usingn
abrasive gel (Nuprep, Weavemd alcohol wipes.
3.2.3.2. Site of stimulation

Stimulating at the wrist area is the conventional way of reconapegr limb
SEPs. However, thegreliminarymeasurements pilot testsshowed inconsistenawp
stimulation conditionsThe problem was not just the placement of the electrode
because that could be adjusted by marking the skin but the pressure of the electrode on
the skin was the factor that created the main prolbligeto the prolonged duration of
experimentsExperiment duration lasted around 2 hours and fixation of the stimulation
electrode at the wrist could not be adequately controlled for in between measurements
leading to unreliable control over stimulatioriensity of the nerve. To control this
problem it was decided to stimulate tdgyital branch of the median nerve at théex
finger usingadhesiveing electrods. The ring electrode was much easier to fix in a
constant position throughout the experimamd was not displaced by ammist/hand

movement.

3.2.3.3.Ring electrode placement

Thering electrodes were placed on the index finger. The anode ring electrode
was placed on the most distal phalange and the cathode on the middle pli@znge
and Udkardes, 2002; Kalogianni et al., 2018; Halonen et al., 1988).
3.2.3.4. Sensation threshold

The sensation threshold was detected by increasing the stimulation by 0.1 mA
up to the point where the individuabnsistentlyreportedfeeling the stimulation.
During the SEP recording the stimulation was set to 3 times the sensation threshold
The stimulator used wasDigitimer DS7A (Digitimer Ltd, Hertfordshire, Uk) (Ozkul
and Uckrades, 2002\ monophasic square wawvdth a pulse width o200 us was

used and atsnulation frequencyf 4 Hz applied.
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3.24. Electroencephalography (EEG)
3.2.4.1. Scalp preparation
An abrasive gel (Nuprep, Weaver) was used to cleasctip at each electrode
siteand a blunted needle angtimge was used to inject the dmtweernhe scalp and
electrode Electrode impedance wasmonitored and recording conditions were
considered adequate when impedanceevgsu a | or bel ow187)kq ( Sa
The earlobeeference electrode sieas also cleaned using the Nuprep abrasivagel
low impedance here is also important to achieve good recording conditions in

monopolar or bipolar configurations.
3.2.4.2. EEG recording of SEPs

SEPs were recorded using Ag/AgCI surface EEG electrodes which were placed
and located on the scalp using an Ezmy (Brain Vision UkYNakata et a) 2017).
There were various EasyCap sizemilable,and each participant was fittedth the
appropriate capWith the appropriatelysizedcap the Cz electrode wagositioned
midway the nasion and inion and midway fireauricular pointsesulting in good
location of the other electrode sites defined by the international 10:10 gysteanya
et al.J Clin Neurophysiol 2016;33: 30811).

3.2.4.3. Montage of electrodes

Monopolar and bipolar SEP measurements were usedhéoistudy. The
monopolar analysis centred on tbhowing electrodesletermined by handedne&x
and FCc with bipolar records determined between Cc and FPz and CPc aviteréz
FPz was set as theference. Accordingly, for the bipolar analysis the BEEGrding
from FPz was subtracted from the records obtained from Cc and CPc electrodes.

Bipolar analysisvasstated as GEPz and CR&Pz.

As mentioned, ipolar recordings wermeasuredy subtracting the reference
(FPz)from the electrode of interest tcentuatenearfield potentials. Nearfield
potentials arehose generatedear the cortex surface and thus anatomically close to
the recording electrode (Passmore et 2014). Cortical neaffield potentials are

recorded better when using a bipolaalgsis (Muzyka and Estephan, 2019). In the
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electrode cap montage used in these experintieatground electrode was placed on
the contralateral ear of the nerve being stinedé&Dzkul and Uckardes, 2002).

The electrodes chosen were around the somatogesrsar for recording SEPs
following mediannerve stimulation. Figure3has the electrodes that were recorded
during the experiment highlighted. Please keep in mind that SEPs were recorded
following the stimulation of the median nerve on the dominant Heinerefore, if the

left hand was stimulated then FC4, C4 and CP4 would be the electrodes to record from.
3.2.5 Components of SEP waveform

The early components, N20, P25 and N30, were studied (Kawagtichi
al.,2015). The reason for studying the eartytical components is that the waveform
is reproducible, and the early components are less vaiataencyamong subjects

with an intact nervous system (Mauguiere, 1999).
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Figure3.3. The highlighted electrodes show the montaged for participant that their
right hand is dominant. I'f the parti
CP4 would be highlighted. Please keep in mind tiet left hemisphere control.
movement on the right side of the body and the right hemisphere controls moven
the left side of the body.

(image used with permission and modified from

https://commons.wikimedia.org/wiki/File:International -20 system_for EEG
MCN.svq) [Accessed 3 April 2021])

3.2.6. Signal processing

SEPs were recorded using Curry 7 software from 4 clsuanel FPz was set
as the reference electrode for bipolar analysis. EEG was sampled at 2500 Hz using the
Synamps amplifier with a gain of 1000. The band pass filter was 36t1000 Hz
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Each recordingpre-, during and postHT) lasted 4 minutes withlareak of at
least 5 minitesin between recordings and the frequency of stimulation was set to 4Hz
(Maguiere et al., 1999). Thereforaound960 traces were averaged for each SEP
recording.

The epoch lengthround each nerve stimulation everas set to 20 ms (20
before the trigger onset to 100 ms after the trigger otsel)ow capture of the main
components of the median nerve short latency gaRs(N20, P25 and N30Using
Curry 7 software the dataere epoched and the epochs contaminated witkfaots
were removed. fie baseline was set to greggger and saved as an eeg epoch file. This
file was then transferred to Matlalhere a code was customised to process and analyse
theCc, FCcand CPc electrode recordin@@3c: monopolar, Ec: monopolar, C&~Pz
bipolar, CPeFPz:bipolar).

Epochs were evemtverag@d using the time of nerve stimulation as the trigger
event It is important to mentionhat the prdHT average gre-lHTayg) involved
averaging all the epochs from the three-jpi€ recordings (pe-IHTo, prelHTs and
pre-lHT 10) after checking for stability/reproducibility The peako-peak amplitude,
onset latency and ped&-peak latency were studiédm the SERvaveform (Wall et
al., 1991) The dataverenormalised to préHT avg

3.2.7.Analysis: SEPs

Primarily, measurements of onset latency (from the trigger to peak N20, P25
and N30) and peato-peak latency (for N2®25 and P2B30) were measured from
SEPs recorde®0 minutes into the IHT interventiofor each participantSEP
recording laste for 4 minutes and epochs for each 1 minute interaskweraged and
the onset latency and petkpeak latency was calculatedl.two-tailed paired test
was performedor each participanto study if there was a significant difference
betweenhyperoxiaand hypoxialatency measurementtn the results section the
absolute difference between hypoxia and hyperoxia intervals (insmsported for
each participanan astersk displays if there was a significant difference between

hypoxia and hyperoxia inteals.

The analysis then mainigonsistedof studying peako-peak amplitudes for
N20-P25 and P2N30. However, the repeatability of pteIT peakto-peak amplitude
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measurements was first analysed asvats essential to have consistent baseline
measuremas before introducing an intervention. The analysis then proceeded with

studying whether the excitability of SEPs changes following the intervention.

As mentioned, before completing a statistical analysis of the SEP

measurements, comparing pkHT, during IHT and postHT measurements, the

analysis was foceesd on the reliability or the extent that gi¢T SEP measurements

of peakto-peak amplitude can be replicat@&dior to any interventions, the reliability

and replicability of the SEP measurementsensdrecked using ICOhescorefor ICC

rangedrom O to 1 where excellent reliabilitys > 0. 75; moder ate to
0.D440and poor rMd&lCaddHiia yeltf satl#.¢ 0 p2doaltla) .
showed a good -t-@kkiaaabmplliittyu dfeo,r wpee apkr o c e e d e

P r i mamarrhay distribution curve of each measurement was graphed to
look at whether the data follows a normal distribution. This is important when deciding
on the statistical analysis. Before plotting ttistribution, the DC bias was removed.
The bin width for the normal distribution graph was set to Ndimal peakio-peak
amplitude was normalised to pidTavg Additionally, on each normal distribution
graph the mean, standard deviation and numbegafhs recordedasreported above

the graph.

Priorto completing a On&vay ANOVA, theLeven® test was performed to
examine whether the data had homogeneity of variances. The datasets had
homogeneity of variances and thus the analysis predeeith a Cheway ANOVA.
Subsequently, as the Ome&ay ANOVA showed no significant differences among the
groups (preHT, during IHT and postHT) a posthoc test was not require@he
statisticsgraphsand tablesvere created in MatlalsPSS and Excerlhis analysisvas
completed on each participant and on the grand avéoageeasurements of SEPs

taken before, during and following IHT.

The results sectiowill first present thedata from the first participant, IHT1,
as a typical case study and then present thedgazerageFor the grand average
measurements, the entire dataset of each participant was used to create an average SEP
waveform for each electrod@&c, Cc, CeFPz and CR&Pz) and the peako-peak
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amplitude vere obtained for eaclhecording(pre-IHTo, pre-IHTs, pre-IHT 10, during
IHT, postIHTo, postIHT 15, postIHT30). The data for both, individual responses and
the grand averages, are normalised to thelibfayg by dividing the valuedy the

mean value of the pri¢iT.
3.2.8.Analysis: SpQe and heart rate

SpQ and heart rate was monitored during the IHT session. The lowest SpO
value each participant reached and the range of heart rate are reported in a table created

in Excel.
3.3.Results

The results section will first show a table with the participamaide Each
participant prior to completing this experiment had to go through a hypoxia test. The
results of the hypoxia test are reported in a table. Moreover, during IHTa8p®eart
rate was monitored using the GO2 altitude machine. This informatibalao be
displayed in a table. Subsequently, latency results will be presented prior to showing

the peakto-peak amplitude.
3.3.1. Participant details

All participants recruited for this study showed gdoterance to hypoxia
(Table.3.3. During andfollowing the IHT session, they reported no adverse effects.
During the intervention their Sp@evels dropped to around 82 % on average and their
heart rate was between 58 to 82 bpm. These values are similar to what has been
reported in the literature a8ClI patients that underwent the same IHT intervention
(Trumbower et al., 203 Hayes et al., 2024

Table.33. Participant details, hypoxia test, lowest Sp&ached and heart rate range

- Hypoxia Test Lowest Heart rate
Participant Sex Age Response SpO: (%) range
(bpm)
IHT1 Male 35 Type I 83 6310 84
IHT3 Male 31 Type I 82 43 to 64
IHT4 Male 27 Type Il 88 56 to 73
IHT6 Female 26 Type I 68 59 to 87
IHT7 Female 27 Type I 82 56 to 88
IHT8 Male 25 Type Il 88 70 to 93
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3.3.2. Onset latencynalysis during IHT
3.3.2.1. Cc and Cd-Pz

SEPs were recorded 20 minutes into the IHT intervention for 4 asn&EP
epochs were averaged for each 1 minute interval and measurements of onset latency
were gathered\ext, the mean anstandard deviatioof the two hypoxia interval and
the two hyperoxia intervalwere calculatedThe absolutedifference in onset tancy
is reported in the table below (Tlat8.4).Statistical analysis of onsetténcy between
hypoxia and hyperoxia intervals showed no signifiadifference Thiswas observed
for all participants and at adllectrodegCc, CeFPz, FCc and CPEPz)where SEPs
were analysedl'he range of absolute onset latency differdioc€Ccwas0.04 to 129
ms and for CeFPz is 0.04 to 1.61 m3he results sugesed that the reduction of
oxygendid not affect the conductionelocity of SEPs an&nowing thisthere is no

need to report latency measurements following IHT.

Table.3.4 Absolute difference betweeSEPonset latency measured during hypoxia and oasenty
measuredluring hyperoxidor Cc and C&~Pz

Absolute Onset LatencyDifference § « mme © 55 mugg = ©
(meanzstandard deviation)
(ms)
Participant| N20 | P25 N30
Cc Onset Latency
IHT1 0.04+0.29 1.29+0.91 0.19+0.95
IHT3 0.04+0.86 0.28+0.06 0.08+0.11
IHT4 0.12+0.17 0.52+0.40 0.20+0.29
IHT6 0.81+0.23 0.20+0.06 0.04+0.29
IHT7 0.44+0.17 0.44+0.29 0.52+0.06
IHT8 0.65+0.11 0.28+0.40 0.36+0.63
Cc-FPz Onset Latency
IHT1 1.05+1.60 0.24+0.23 0.48+0.65
IHT3 1.17+2.45 1.61+£1.03 1.41+0.63
IHT4 0.04+0.06 0.85+0.40 1.04+0.48
IHT6 0.51+0.07 1.05+0.34 0.21+0.38
IHT7 0.04+0.74 0.89+0.34 0.56+1.03
IHT8 0.60+0.40 0.24+0.23 1.18+0.19
3.3.2.2. FCc

Comparablégo the results abovehé absolute onset latency diaceranged

betweer0.04 to 1.03nsin SEP recordings taken from the FCc electr@able.3.5.
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Table.3.5. Absolute difference between SEP onset latency measured during hypoxia and onset latency
measured during hyperoxiar FCc

Absolute Onset Latency DIference § « mme © 53¢ mugg = © | =+
(meanzstandard deviation)

(ms)
Participant] N20 | P25 | N30
FCc Onset Latency

IHT1 - - -
IHT3 0.16x0.00 1.01+0.29 0.26%0.13
IHT4 0.04x0.17 0.44%0.39 0.00x0.00
IHT6 0.93%1.20 0.77+1.08 1.03+0.44
IHT7 - - -
IHT8 0.36+0.51 0.16+0.80 0.52+0.29

3.3.2.3. CPeFPz

A similar range was also observed in @Rz among participants (0.04 to
2.01) (Table.36). It is important to note that for each participant, there was no

statistical difference (p>0.0®betweerhypoxa and hyperoxia measurements.

Table.3.6. Absolute difference between SEP onset latency measured during hypoxia and onset latency
measured during hyperoxiar CPcFPz

Absolute Onset Latency Differences « mm © 54 mugg = ® =+
(meanzstandard deviation)
(ms)
Participant| N20 | P25 | N30
CPc-FPz Onset Latency

IHT1 0.40+0.23 0.65+0.46 2.01+1.60
IHT3 0.65+0.68 1.37+0.56 0.48+0.00
IHT4 0.04+0.06 0.04+0.63 0.96+1.16
IHT6 0.56+0.00 0.69+0.51 0.90+0.55
IHT7 - - -
IHT8 0.20+0.29 0.20+0.06 0.79+0.25

3.3.3. Peakto-peak latency
3.3.31. Cc and CcFPz

Similar results were also observed withakéo-peak amplitude (Table.3.7
Statistical analysis between hypoxia and hyperoxia measutefoemach participant
showed no significant difference (p>0.05).

140



Table.3.7. Absolute difference between Stgakto-peaklatency measured during hypoxia grehk

to-peaklatency measured during hyperoxia € and Ce-Pz

Absolute Peakto-peak Latency Difference § ¢ mm- ® =,-|={: — > @ -
(meanzstandard deviation)
(ms)
Participant| N20-P25 | P25N30
Cc Onset Latency
IHT1 1.33£1.20 0.97 £2.05
IHT3 0.60 £0.17 1.17 £1.31
IHT4 0.40 £ 0.57 0.73 £1.25
IHT6 1.01 £0.29 0.24 £0.80
IHT7 0.89 £0.46 0.08 £0.34
IHT8 0.93 £0.51 0.08 £0.23
Cc-FPz Onset Latency

IHT1 0.81 £1.37 0.08 £1.03
IHT3 0.28 £0.06 2.86 £1.88
IHT4 0.89 £0.34 2.02 £0.68
IHT6 1.69 £0.23 1.21 £0.23
IHT7 0.85 £0.17 0.40 £0.11
IHT8 0.36 +0.63 1.17 £0.06

3.3.32. FCc

A significant difference between hypoxia and hyperoxia was observed in
participant IHT6 in the P2BI30 peakio-peak latency (1.90 +0.17, p=0.04)

(Table.3.8)

Table.3.8. Absolute difference between SEP gegbeak latency measured during hypoxia and peak

to-peak latencyneasured during hyperoxia for FCc

(meanzstandard deviation)

=

Absolute Peakto-peak Latency Difference § « mm= ® 515¢ mug »o © &

(ms)
Participant]| N20-P25 | P25N30
FCc Onset Latency

IHT1 - -

IHT3 1.17 +0.51 0.89 £2.05
IHT4 0.93 +0.97 0.89 1.37
IHT6 0.60 +0.86 1.90 +0.17*
IHT7 - -

IHT8 0.20 +0.29 0.36 +0.86

Asterisk (*) is used to display a significant difference between hypoxia and hyperoxia measurements

during IHT.
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3.3.33. CPcFPz

Similar to the onset latency themsas no significan difference between
hypoxia and hyperoxia intervals during the IHT intervention. The table below

(Table3.9 reports the absolute onset latendyedence (HypoxiaHyperoxia).

Table.3.9. Absolute difference between SEP pgegbeak latency measured dugihypoxia and peak
to-peak latency measured during hyperoxia for -(FRz.

Absolute Peakto-peak Latency Difference § « mme © 53¢ mugy = © | =+
(meanzstandard deviation)

(ms)
Participant| N20-P25 | P25N30
CPcFPz Onset Latency

IHT1 - -

IHT3 1.90+0.51 2.74 +1.14
IHT4 0.08 +0.34 0.69 +2.11
IHT6 1.25 +0.51 0.24 +1.25
IHT7 - -

IHT8 0.4 +0.34 0.85 +0.51

3.3.4. Peakto-peak amplitude: IHT1
3.3.4.1. SEP amplitude histogram dtributions

The following results illustrate a typical caseatfficipant IHT1). The
Figure3.4 shows a monopolar and bipolar SEP recording made at the Cc electrode
prior to IHT. The bipolar recording is obtained by arithmetic subtraction of the
simultaneous monopolar recordings corresponding to electrode sites Cc and FPz. The
SEP plots in (A) and (B) of Cc electrode, together with the feature amplitude
distribution, illustrate the same data but with a different spatial filter associated with
the conversion from monopolar to bipolar representation of the SEP waveforms. A
featureof the bipolar derivation is a broadening of the distributions of amplitude
measures associated with the removal ofitdd contributions to the monopolar data.

The prelHT measurements serve as the control data for comparisons of SEPs collected
duringIHT and recovery from IHT.

Figure.35, Figure.36, Figure.37 and Figure.8 shows the histogram
distribution of measurements taken -préuring and postHT at electrodesitesCc,
FCc and CPc for subject IHTIrespectively The data approximadeto a nomal
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distribution facilitating the statistical analysis on whether theas asignificant
difference between preduring and postHT SEP measurements of pe@kpeak

amplitude.
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Figure.3.4. An example of a ptelT SEP recording and the normal distribution of the péak
peak amfitude. The SEP plotdisplays the average evoked potential waveform in purple anc
confidence interval in shades of orange. The blue waveform is the average evoked p
waveform with a filte400 Hz) The blue waveform is used for the identificatof peaks and
troughs. The red circles show the peaks identifigda custom written Matlab coded) Cc
monopolar recording with the normal distribution curve for N285 and P25N30. B) Cc-FPz
recording with the normal distribution curve for NE25 ard P25N30. The histograms ar¢
corrected for the mean.
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Cc (N20-P25)

A)

Cc (P25N30)

B)

Figure.3.5. Participant IHT1 normalised pe#&b-peak amplitude. ile main graph displays the
data plotted using hollow circle§or each time point (pre during and postHT) a histogram is
also plotted(bin width is 0.1) The staggered line on the normal distribution curve highlights
mean. Please note that the déanormalized to préHTag A) Cc (N26GP25) andB) Cc (P25
N30). The mean, standard deviation (SD) and the number of epochs (n) are listed abou
normal distribution graph.
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