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ABSTRACT

Aerobic exercise (AE) is thought to increase corticospinal excitability (CSE),
creating an optimal environment for motor learning to occur. During AE, metabelic by
products, including lactate, accumulate in the blood. Increased concentration of lactate
during fatiguing exercise has been shown to increase CSE. Our research questions if
increased blood lactate concentration mediated by an acute bout of mautersiy
AE alters CSE. Participants completed two sessions; session 1 consisted of determining
peak power output (PPO), and in the second session measures of brain excitability and
blood lactate concentration were obtained before, immediately after, anth Edter a
20-min bout of moderatentensity AE performed at 60% of PPO. Our results show that
no relationship between blood lactate concentration and CSE exists following a bout of
moderate intensity AE suggesting that altered lactate concentration is not a factor
involved in increasing CSE with AE.
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LIST OF ABBREVIATIONS USED
AE T Aerobic Exercise
CSE1 Corticospinal excitability
TMS T Transcranial magnetic stimulation
PPOT Peak power output
GXT i Graded exercise test
SR curve Stimulus response curve
GABA i Gammaaminobutyric acid
NMDA i N-Methyl-D-aspartic acid
AMPA - Alpha-amino-3-hydroxy-5-methyt4-isoxazolepropionic acid
M1 i Primary motor cortex
EMG i Electromyography
MEP 1 Motor evoked potential
RMT 1 Resting membrane threshold
AUC i Area under the curve
SICI i Short interval intracortical inhibition
LICI T Long interval intracortical inhibition
ICF i Intracortical facilitation
FDI i First dorsal interosseous
V®2maxT Maximal oxygen uptake
MET 1 Metabolic equivalent
RPE T Rating of perceived exertion

LT 7 Lactate threshold



BDNF i Brain derived neurotrophic factor
IPAQ i International physical activity questionnaire
MCT 1 Monocarboxylate transporters (MCT2 and MCT4)

MRI T Magnetic resonance imaging
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CHAPTER 1:INTRODUCTION

1.1  Executive Summary

The ability to acquire motor skills is a critical aspect to all human life, particularly
in the case ofieurological injuries or events that lead to lasting deficits in motor function.
In rehabilitative settings the remediation of motor function is importanteads to
improved function and independen(¢tubbard et al., 2009)-or improvements to occur,
the brain undergoes modifications such as the forming and reorganizing of neural
connections, this is in response to various stimuli by a process known as neuroplasticity
(Khan et al., 2017; Mang et al., 2013; Matégsaricio & RodriguezZMoreno, 2019)
Neuroplasticity is dependent on the excitability of neurons within the cerebral cortex and
is often measured through nowasive meangarticularly transcranial magnetic
stimulation (TMS)(Rossini et al., 2015)

Research suggests that the excitability of cortical neurons can be altered via
interventions such as exercigd-Sayes, Harasym, et al., 2018)is process is coined
exerciseinduced neuroplasticity. Exercise is considered to be a mechanism which primes
the brain for motor learning, however the mechanisms by which these changes occur are
being reviewed on molecular and functional le&l-Sayes, Harasym, et al., 201%he
current literature shows conflicting findings regarding the mode, inteasitiytype of
exercise gedin these studieg€vidence supports that moderat¢ensityaerobic exercise
(AE) is successful in increasing corticospinal excitability (C@&altar et al., 2018; El
Sayes, Turco, et al., 2019; Garnier et al., 2017; Lulic et al., 2017a; MacDonald et al.,

2019; Singh et al., 2014; A. E. Smith et al., 20HHwever the findings in the above



studies suggest thttere is intefindividual variability associated witthe response to
exercise which suggests that there majabtors which determine how CSE is mediated
by exercise

It is thought thathe accumulation ahetabolitegduringexercisemayalter CSE,
one of which idactate. During exercise, blood lactate concentratarincreaseawith
increased intensitgnd duratior(Bentley et al., 2001)ndividuals who are trained tend to
exhibita higherdactate thresholdompared to untrained individual®eaning that trained
individuals are able to exercise for longer before reaching the point where lactate
concentration will increase exponentialBowers & Howley, 2018)These differences in
lactate threshold suggestsat when an individual exercises at a fixed inten(@ty.,a
percentage of peak power output (PPO) or heart rate) tH&) may be exercising below
or aboveheir lactate threshold, ultimately affecting the amount of lactate being produced
during exercise. Previous research has indicated a poteositiverelationship between
blood lactate concentration and CSE during maximal exgiCiseo et al., 2010a)
wherein increased blood lactate is associated with increaset@&fer research
examining the effects of AE on C3ias yet tanonitorthe concentration ofmetaboltes
during an acutbout of steadystate exercise.

Therefore, the purpose of this stusgs to determine whetherchange in blood
lactate concentration resulting from acute bout omoderateintensityAE resultsin
alteed CSE in healthy adult$&aid another way, we were interested in knowing if there
was a relationship betwearcreasedlood lactate concentration and CSE following a
bout of moderaténtensity AE.Secondly, we questionedah acute bout of moderate

intensity AE alteed CSE in healthy adult$t was hypothesized that increased blood



lactate concentratiowould lead to increased CSE following an acute bout of moderate
intensity AE. The secondary hypothesisvisswould observean increase in CSE
following a bout of moderatmtensity AE.

To address thaboveresearch questionsur participantscompletal two sessions.
In the first session, participants compteseTMS protocol to ensutbey were
responsive to TM@nd if responsive, participants completed a graded exercise test
(GXT) to determine their PP’ he second sessi@tcurredwithin aoneweekperiod
andconsisted of testing at three time poimsor to exercise (Pre), immediately
following exercise (Post), and 40in following exercise cessation (Post1Uhe testing
protocol consisted of delivery of a stimultesponse () curve, a measure ustx
establish changes in CS&nhdblood collectiorto determine lactate concentratidine
exercise interventiononsisted of 20nin of moderatantensity cycling at 60% of the
participants PPOBIood lactate measureseve alsmbtained at the-fnin and 15min
mark during the exercise interventittnmonitor the participants response to exercise,
howeverthesedatawerenot included in the analysis

Resultsof a linear regression examining blood lactate concentration and change in
CSE was nosignificart andthus ourmprimaryhypothesis was not supportédirther, no
change in CSE was determined between timepointsR&st PreéPost10, PosPost10)
following the bout of moderatmtensityAE. Following the AE interventionwe observed
a range of blood lactate concentration values amgagstipantshowever, majority of
participantsshowedittle accumulation of lactaténly a small number of participants

appoachedor exceedda value posexercise that would suggest they were at or near



their lactate threshold@iven the lack of relationship between lactate and CSE, we

suspect that lactate is not a factor in driving excitability changes



CHAPTER 2:BACKGROUND

2.1  Motor Learning

2.1.1 Physiological Components of Learning

The ability to acquire motor skills is critical to many aspects of human life.
Acquired or traumatic injuries, including stroke, can lead to-lasting changes to the
central nervous system that result in deficits in function. Deficits in motor function
i mpact an individual ds ability to perform
participation in other activities including those related to occupation and leisure.
Remediation of motor impairment and restoration of function can be achieved through
rehabilitation, which facilitates rearning of motor skill§Krakauer, 2006)The ability
for structural and functional changes in the brain to occur is expetipandent and
relies on an underlying mechanism known as neuroplasticity. Neuroplasticity broadly
refers to the ability of the nervous system to modify in responserinsic and extrinsic
stimuli (Khan et al., 2017; Mang et al., 2013; Matégsaricio & RodriguezMoreno,
2019) This ability to reorganize and form new connections within the brain is
fundamental to learning and is a key component of rehabilitation following neurological
injury.

In neurological rehabilitation, tasdpecific (or tastoriented) training is
considered the practice of context specific motor tasks with the provision of feedback
related to performandélubbard et al., 2009; Teasell et al., 2008)is form of
rehabilitation is used to remediate motor impairment and improve performance on
functional tasks through practice and repetition, driving neuroplastititipbard et al.,

2009) It is well established that neuroplasticity resulting from engagement i task



specific therapy is key to recovery of motor function, and as suchspesific therapy is
considered the gold standard in rehabilitation after neurological injury such as stroke,
with level | evidence for its effectivene@danagement of the Upper Extremity
Following Stroke2019; Saikaley et al., n.d.)

Within the brain, billions of neural connections exist which allow for the
development and execution of behavior. All aspects of behaviour, including memory and
learning (inclusive of learning of movement, or motor learning), are dependent on the
activatian of neurons, which is mediated by inhibitory and excitatory processes in the
brain(Badawy et al., 2013)nhibition is regulated by the neurotransmitter gamma
aminobutyric acid (GABA), which acts on GABAnd GABAs receptor{Badawy et al.,
2013) Conversely, excitation is regulated by the neurotransmitter glutamate, which acts
on N-methytd-aspartate (NMDA) and neNMDA receptors, also known as alpha
amino-3-hydroxy-5-methyt4-isoaxolepropionic acid or AMPA receptdBadawy et al.,

2013) Briefly, the excitability of a neuron (i.e., its ability to generate a change in resting
membrane potential) is determined by the sum of excitatory and inhibitory inputs at any

given moment; when excitatory inputs summate to reach the threshold foariegiain,

the neuron discharges (o6firesé), generatin
target. The level of excitation and inhibition of neurons in the brain can be altered in the

short and longterm. Shorterm changes are altered bgrying the concentration of
neurotransmitter or the activity of its re
membrane potential), as well as the concentration of neurotrofleindrain derived

neurotrophic factor and vascular endothelial growth fathat) may be mediated by

aerobic exercise (AE). Sheterm changes in excitability resulting from such processes



typically last from seconds to hours. Letegm changes, including lortgrm potentiation
can result in permanent structural changes, including remodelling and growth of the
dendritegHarris et al., 2003)These structural changes are involved in synaptic plasticity
that is activity dependent. Loxigrm potentiation is the process by which neuroplasticity
occurs; in its simplest fornipng-term potentiatiomesults in an increase in synaptic
strength, as the signal between two neurons is strengthened through repeated stimulation
(Purves et al., 2004The idea ofong-termpotentiations best captured by the phrase
Aneurons that fire together, wire together
Activation of the possynaptic neuron is typically mediated by the binding of
glutamate to AMPA receptors, as the NMDA receptors are blocked by a magnesium
(Mg?*) ion and requires both the ligand (glutamate) and a voltage to be present to allow
the flow of sodium and potassium ions to depolarize the neuron, whereas AMPA
receptors require only the ligand (i.e., glutamate) to permit the flow ofRurses et al.,
2004) With repetitive discharge of the psgnaptic neuron and the release of glutamate,
activation of AMPA receptors provides the voltage necessary to remove #iéoklg
opening ion channels in the NMDA receptor permitting the flow of ions. Unlike AMPA
receptors, NMDA receptors allow the passage of calcium iorf$)(iDaaddition to others
(e.g., sodium, potassium). The passage 6f Baritical tolong-term potentiation
occurring, as Cd is a secondary messenger that initiates a cascade of eventsiihat re
in plasticity. Briefly, once C& enters the postynaptic neuron, protein kinases are
activated, specifically G&calmodulindependent protein kinase and protein kinase C.
Activation of these kinases generates new AMPA recepidnish are inserted on the

postsynaptic cell membrane. This, inturnincrestséh e neur onds sensitiwv



(Purves et al., 2004and the likelihood of activation and facilitatilang-term
potentiation Over time, C& influx results in additional changes to the psghaptic cell
(thedetailsof whichare beyond the scope of this discussion) that are the basis of memory
and motor learningBadawy et al., 2013; Purves et al., 2004)

Given a precursor fdong-term potentiatiorio occur is activation of the pest
synaptic neuron, increasing the excitability of neurons in the brain would create a
favourable environment for plasticity to occur, as the resting membrane potential of these
neurons would be closer to the thresholddepolarization. Such sheterm changes in
excitability, mediated by changes in neurotransmitter concentration, receptor aatidity
neurotrophins (as indicated above) can be facilitated by various pharmacological agents
(including licit and illicit drugsMcDonnell et al., 2006; Rossini et al., 20H5d AE
(El-Sayes, Harasym, et al., 2019; Hariri, 2020; Turco & Nelson, 20%hije various
neuroimaging modalities may be used to assess suchtstmorthanges in neuronal
excitability (e.qg., electroencephalography or magnetoencephalography, among others),
norrinvasive brain stimulation techniques, most commonly transcranialetiag
stimulation (TMS) are also used to assess gieomt neuronal excitability changes

(Carmichael, 2012; Rossini et al., 2015)

2.2  Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a fiovasive means of assessing the
excitability of the brain. The device works by passing an electrical current through a coil
of copper wires, generating a magnetic field, which in turn generates a secondary
electrical field that passes through the skull, indirectly stimulating neurons in the region

of the brain underlying the coil (see Figurg@)iskova et al., n.d.; Rossini et al., 2015)



The excitability of cortical neurons is most often measured through the assessment of
corticospinal excitability (CSE), which is performed by stimulating pyramidal neurons
within the primary motor cortex (M1). When pyramidai upper motgrneurons,

located within M1, are activated, the resulting volley of action potentials travels via the
corticospinal tract (made up of axons arising from pyramidal neu(Baglawy et al.,

2013; Purves et al., 2004; Rossini et al., 20&phapsing with lower motor neurons in

the spinal cord and ultimatetgsultingin activation of the contralateral muscle.
Activation of the muscle results in a v
is above motor thresholdBadawy et al., 2013; Rossini et al., 201)combination with
electromyography (EMG; assessment of the electrical activity related to muscle
contraction), the muscle response is known as a revtuked potential (MEP), the
amplitude of which quantifies the magnitude of the resp{Badawy et al., 2013;

Rossini et al., 2015)nclusive of both cortical and spinal level components, the resulting
MEP characterizes the CSE. As above, CSE can be obtained usingpsilsgld MS

(Figure 1).

Figurel. Diagram of the experimental procedure of TMS on the motor cortex
Adapted from Weise et al., (2020).
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Singlepulse TMS is a form of TMS in which a single pulse at a fixed intensity is
delivered to generate a MEP. When delivered at various percentages of resting motor
threshold (RMT, the stimulation intensity required to elicit an MEP with a-frepkak
anplitude of at least 50V on 5/10 triald)allett, 2000; Klomjai et al., 2015; Rossini et
al., 2015) a stimulusresponse (&) curve can be generated. TypicallyRSurves
require 10 pulses to be delivered at varying intensities (often 100, 110, 120, 130 and
140% of RMT), with a minimum of 3 sec between deliviglomjai et al., 2015)

Measures associated with thdRQurve (also known as an inpafitput curve) can be

used to assess CSE. Th&®Surve provides a sigmoidal shaped plot of the growth in

MEP size (indicated by the evoked muscl e
above mentioned intensiti€d\bbruzzese & Trompetto, 2002; Rossini et al., 2025)

change in the R curve can be characterized by the slope of the curve, the area under the
curve (AUC) or an upward or downward shift in the curve following some intervention.
The shift in the curve may be characterized by the difference betwRaruSes takerat

two time pointgi.e., a change in the AUC or the change in MEP amplitude). Along with
characteristics of the-B curve, alterations in the level of CSE can be identified by a
change in RMT or MEP amplitude. For RMT, an increase in the sitioalintensity to

achieve RMT indicates a decrease in CSE, while a decrease in the stimulation intensity to
achieve RMT indicates an increase in G&Ringston & Ingersoll, 2008)For the MEP,

an increase or decrease in the (peageak) amplitude given a consistent intensity of
stimulator output would indicate an increase or decrease in CSE, respd@ivgbers et

al., 2014; Kallioniemi et al., 2015; Rossini et al., 2015)
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Other methods of assessing excitability changes in the brain inmhidetpulse
TMS. Pairedpulse TMS involves the delivery of two stimuli (pulses) separated by a
fixed interstimulus intervalHallett, 2000; Rossini et al., 2013)he first stimulus is
known as the conditioning stimulus and modulates the neuronal response to the second
stimulus, which is known as the test stimulus. To assess intracortical phenomena, both
stimuli are administered to the same location within a hgmei®, while inhibitory or
excitatory influences between brain regions across hemispheres (intercortical) require
two coils to deliver stimuli in different locatiorfRossini et al., 2015Pairedpulse
techniques can be used to assess-shi@nyval intracortical inhibition (SICI), long
interval intracortical inhibition (LICI) and intracortical facilitation (ICF). Shoterval
intracortical inhibition assesses activity of GABreceptors and LICI assesses GABA
receptor activity, providing an indication of the effect of an intervention on inhibitory
processes. Using a similar protocol to SICI, ICF provides an indication of the effect of an
intervention on facilitatory processes, however physiological aspects of ICF are
poorly understoodbut likely have to do with upregulation of glutamate and its receptors
(Di Lazzaro et al., 2006)Jsingmethods okingle and paireebulse TMS, it is possible
to examine the impact various interventions have on brain excitability, including AE.

In studies which examine the effects of AE on CSE, a combination of gntfe
and paireepulse measures were selected. To be discussed in further detail in the
subsequent sections, the following studies each indicated a positive change in CSE
following a bout of AE(Baltar et al., 2018; Ebayes, Turco, et al., 2019; Garnier et al.,
2017; Lulic et al., 2017a; MacDonald et al., 20I®)e abovementioned studiessed

TMS to assess excitability within M1. Each studgdia SR curve as an outcome

11



measure for assessing CSE. Garnier and colleagues (2017) us&dcam®@ from 70

130% with 10% intervals to assess the MEP of the abductor pollicis brevis muscle. In the
Baltar et al., (2018) study ;B curves were obtained over the tibialis anteriorateus

whereas the Lulic et al., (2017) and theJalyes et al., (2019) study protocols focused on
obtaining SR curves form théirst dorsal interosseFDI) muscle from 96150% RMT

and 100160% RMT. The extensor carpi radialis was used in MacDonald €2@L9)

study to examine the effect of AE on CSE at-1d0% of RMT. Evidence from tke

studies supports that singbellseTMS is an appropriate outcome measure to be used to

assess CSE in the human motor cortex following AE.

2.3  Aerobic Exercise

It is well known that exercise has many positive benefithermgenerahealthand
function of individuals Most commonly, AE is known for its positive impacts on
cardiovascular healfilnowevercurrentevidence highlights that AE has positive impacts
on the brain. Participation in AE has shown increased neuromodulatory effects known to
mediate neuroplasticity linked to improvements in cognitive funci{BhSayes,
Harasym, et al., 2019; Mang et al., 2013; Mller et al., 2086)easedheuroplasticity is
useful in rehabilitative environmentgiven that neuroplasticity is a prequisiteof motor
learning.This is important in areas akuraehabilitationpoststroke where learning and
re-learning motor tasks is of importandée use of AE as an intervention may generate
optimal learning environments for patients in which they can benefit from the full effects
of rehabilitation, a pr oc eMaDohaldattal., 2089) of t en
However, theprocesseby whichthese environments are generated is still being

explored.To understanthe underlying mechanisms whiMc can be used to improve
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neurglasticity through primingone must first understand what AE is, and the

physiologicalcomponents oAE.

2.3.1 Variations of Aerobic Exercise

According to the Canadian Society for Exercise Physiology, aerobic physical
activities are defined as dynamic activities that involve large muscle gnhjes result
in substantial increases in heart rate (HR) and energy expen@amadian Society for
Exercise Physiology, 2013)erobic exercise is defined as an activity that uses large
muscle groups, can be maintained continuously and is rhymical in (Ataezican
College of Sports Medicine et al., 2018he Canadian Society for Exercigdysiology
recommendshat adults aged 184 years accumulate at least Ibibutesof moderate
to-vigorous physical activity per week. Aerobic exercise can be manipulated through
adjusting the frequency, intensity, time, and tyipe,the FITT principle) of exercise
prescribed to individuals. Frequency refers to the number of sessions completed within a
specific time frame (e.g., 2x/week). Intensity refers to the physical effort required to
complete the exercise task. Aerobic exercise intensity careberiped through a variety
of measuredMeasuregor quantifyingexercisantensityinclude, energy expended per
unit time, power output (PO) (e.g., working at a percentage of the PPO), maximal oxygen
uptake ¥©2may, various HR parameters including maximal HR ¢kiRor HR reserve
(HRR), metabolic equivalents (MET; an obj e
oxygen uptake for a given activity as a multiple of resting)Sanghvi, 2013)rating
of perceived exertion (RPE), and lactate threshold (MiArdle et al., 2015)By
modifying the level of any one of these measuites intensity at which an individual

exercises can be altergzlg., ensuring that the individual is exercising at an intensity
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described as low, moderate, or highhe time component refers to the duration that the
exercise occurs and can be anywhere from minutes to hours in (bhwihdle et al.,

2015) With respect to AE in particular, the duratimust begreater than two minutes in
length. Lastly, the type of exercise refers to the mode used to conduct the activity such as
running, walking, cycling or swimmin@Canadian Society for Exercise Physiology,

2013; McArdle et al., 2015V arying exercise based on intensity, time, and duration can
modulate the effects of exercise on the individlraparticular, varying intensities, time

and type of AE are thought to have effects on brain plastiaitymore specifically CSE
however these factors will be discussed in greater detail in the following s€&lons

Sayes, Harasym, et al., 2019; Hariri, 2020)

2.3.2 Methods for Prescribing Aerobic Exercise Intensity

In research environmentghere exercise may be used gsatocolor
intervention it needs to be prescribed relative to a specific measure. For example, relative
t o an i n diaWRaoaRPO . $o prdsRribeexerciseaelativeto individual
abilities physiological testing camnd shoulde completed. This includes physical
exertion or exercise tests, metabolic testing, or a combination of both. A common
measure for determining the relationship between exercise intensity and the various
integrated body systems is a graded exercise teSE)(®Beltz et al., 2016)The general
protocol for this test is to have participants exercise at an increasing intensity over time
until the participant is unable to maintain cadence, or they reach volitional féBiglie
et al., 2016; McArdle et al., 2015)he GXT can be used in a wide variety of populations
and allows clinicians to determine data related to metabolic patterns and is considered to

be a gold standard in exercise tes{Bgltz et al., 2016)From testing, clinicians are able
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to determine cardiorespiratory fitness levels throu§hmax (i.€., the maximum rate of
oxygen consumption during incremental exerciaajlvalues such as PPO and (Beltz
et al., 2016; Jamnick et al., 2018; Pallarés et al., 20d&re PPO is the peak power
output achieved during an exercise test and LT refers to the point at which blood lactate
concentration begins to increase rapidly (this concept will be discussed in detail in a later
section)(McArdle et al., 2015)These measures can be used to prescribe exercise given
an individual s fitness | evel

Typically prescribed in the lowvmoderate or highintensity range, the range of
AE intensity varies depending on what physiological metric is being used to characterize
it. The American College of Sports Medicine refers to-lotensity exercise as exercise
completed in <3.0 METs, moderatgensity exerise as 3.66.9 METSs, and high
intensity @merican Glle@e oMSROTts Medicine, n.dr) studies
examining AE interventionsn CSE(Singh et al., 2016; A. E. Smith et al., 2014)
intensity is commonly pr e smeMWhdnerdscribegllnat i ve
this manner, lowntensity AE is considered to be betweer588%6 of HRnax, moderate
intensity between 5@0% HRnax and highintensity between 785% of HRnax
(Canadian Society for Exercise Physiology, 20E3)other approach to prescribing AE
is relative to a participantdés HRR, which
(HRres) and HRhax (McArdle et al., 2015)Low-moderate intensity is considered to be
40% of HHR and moderaiatensity is described as H9®% HRR and higlintensity is
considered to be 680% of HRR(Pescatello & American College of Sports Medicine,
2014) The use of HR as a measure for determining exercise intensity is both convenient

and well established, as it is predictable when used in conjunctioV®ihaxand vice
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versa(McArdle et al., 2015)However, there are caveats associated with the above

mentioned methods of prescribing AE intensity.

2.3.3 Variability in Moderate -Intensity Aerobic Exercise

There are components of exercise intensity which must be considered when
prescribing AE. One consideration related to idfhat it is a relative measure and can
vary from dayto-day. ParticularlyHR is affected by circadian rhythm, physical activity
levels, lifestyle factors (smoking and alcohol consumptiandl mental streg¥alentini
& Parati, 2009ps a result, resting HR may vamhese factors may affect submaximal
exercise intensities prescribed regardingnbRndV-©-maxdue to varying contributions
to the aerobic and anaerobic energy sysi@iasn et al., 2013)Exercisingat a
percentage 0¥©.max0r HRmax fails to account for metabolic stress differences that
occur, such as increases in blood lactate concenti@tiann et al., 2013; D. Meyer et
al.,2015) The use of HRR as a function of interi
mental state. Given that RRis required for the calculation of HRR, if an individual is
predisposed to a stressful circumstance theieddRll likely be increased, which in turn
increases the HR level required for exercise intensity. For exercising at a moderate
intensity, if HRestis high, it may result in exercise being completed closer to vigerous
intensity given the HR.

In literature examining the effects of AE on CSE, there is variability regarding
intensity measures. Rarely, if at all, is exercising at a percentage aideidas a
measure of intensity in thesd= and CSEstudies. The use of a continuous ramp style
protocol resulted in a similar relationship between PPOvE#ghaxwhen compared to a

stepwise protocolLamberts et al., 2012This relationship between PPO a¥i@®>max

16



values highlights that these measures/be used synonymously when prescribing
exercise intensity. There is also less variability between sexes when exercising at an
intensity relative to PPO compared to more common measuresnak il V-©2omax
(Rascon et al., 2020For these reasona percentage d#POwas sele@das the method
for prescribing AEand 60% of PPO specifically as this is considenedlerateintensity
AE, which hagreviously beeshownin the literaturgo elicit an increase CSE
(Hariri, 2020) As abovethe use of PP@llowsfor precise monitoring of load during the
session grsusan internal measure of intensity such asnbdR

There is variance attributed to exercising atoderatentensity. By exercising at
an intensity relative to PPO, the ability to observe the impacts of modetetsity
exerciseon physiologic functions can be monitored, as the use of PPO in conjunction
with RPE and blood lactate sampieas found to be more consisteatross sexes
(Rascon et al., 2020I is thought that during exercise, some individuals may work at a
level higher than thelactate &énaerobiythreshold while others may be working below
it, despite exercising a@n absoluténtensity(T. Meyer et al., 1999)his finding
indicatesthat at the samabsolutantensity, individuals may experience varying
metabolic responsefor example, whethdactate is being produced and accumulating in
the blood, possibly contributirtg a change It€SE.Prior to understanding the impacts of
lactate concentration on CSE, it is important to understand the current research regarding

the effects of AE on CSE and where the current gaps in the literature exist.

2.4  Effects of Aerobic Exercise on the Brain
In addition to the many benefits AE has on general health and fitness, it also

plays an interesting role in facilitatirrgqyd maintainingprain health. Aerobic exercise has
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both direct and indirect effects on the brain, where direct refers to increasing
concentration and activity of neurotransmitter and neurotrophic factors, and indirect
refers to increasing physical fithess capacity (Figu@ng et al., 2013)However,

both effects are linked to positive changes in brain health, including improved cognitive
function, mood, and arousal levels. Through previous research, bothasttblongterm

effects of AE on the brain have been investigated, with a pantitadus orCSE

h Aerobic Exercise j

Indirect Effects DirectlEffects
|
[ | | |
i Physical Fitness 1 Neurotrophic Growth T Neurotransmitters
(cardiorespiratory Factors (eg, dopamine,
and muscular) (eg, BDNF, NT-3) seratonin)
iasn)gtémlsc * Cerebral TTNeuropIasticijcy
' Blood Flow Neurogenes..ls
Inflammation T Neuroprotection
Brain Health
T cognitive function (e,

learning, memory, attention), <
1 mood, T arousal,
| neurodegeneration

Figure2. Examples of indirect and direct effects of AE on the brain.
From Mang et al., (2013). Indirect effects refer to the general impacts AE has on health,
whereas the direct effects refer to impacts on concentrations of neuromodulatory agents
including neurotrophic factors and neurotransmitter concentrations, affejimaging
pathways within the CNS.

The ability for the nervous system to change following a bout of AE is known as
exerciseinduced neuroplasticity. Work to date has clearly identified that the effect of AE
on shoriterm neuroplasticity occurs on molecular, functional, and behaviouras)evel

with thedetails of these effects continuously being exploreds@ha&ious shorterm

effects induced by AE are depicted in Figurg&EBSayes, Harasym, et al., 2019)
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Changes on a molecular lewetlude increased concentration of neurotrophic factors
such as BDNFAs highlightedby El-Sayes et al(2019)execution of an acute bout of
AE may increase neural activity through increased calblbod flow. An increase in
blood flow within the brain gives opportunity for neurotrophins such as BDNF to cross
the blood brain barrieimpacting on neural processes throughout the brain

On a functional levelchangesnduced by AEnclude increased ceredd blood
flow, increasd glucose and oxygen metabolism, increased concentration of
neurotransmitters (specifically, glutamgtiecreased neural activity and increased
receptor activity when assessed via papatte TMS(Maddock et al., 2016)n
particular, NMDA receptor activity waaltered(Lulic et al., 2017bjand GABA\ and
GABAGB receptor activity was reducéMooney et al., 2016; Singh et al., 201A)
combination othe molecular and functioneffects will eventually lead to behavioural
changes related to cognitive and motor funcégpressed as improvements in memory,
retention and reaction tin{&l-Sayes et al., 2020} he review by ElSayes and
colleaguedocused on how altered neurotransmissi@yrotrophirconcentrationand
oxygen metabolism may play a role in driving changes in brain fundtionever this
review did notincludetheeffects of acute bouts of AE on single pulse TMS measures,
which provides information on motor output over a given area of thdtMlko failed to
examine the impacts of metabadtig-productshataccumulate during B Therefore,
future studies should include investigatiafisnetalolites, includingactate on a

molecular level and the implications on neuroplasticity.
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Figure3. Shortterm effects of acute aerobic exercise on neuroplasticity.

FromEIl-Sayes et al., (A®). Acute AE increases peripheral levels of vascular endothelial
growth factor (VEGF), and braiderived neurotrophic factor (BDNF), increases glucose
and oxygen metabolism, and neurotransmitters. Incs@éaseural activity may be

mediated by increased cerebral blood flow (CBF) and glucose and oxygen metabolism,
whereas increased receptor activity may be mediated by increased conceaotration
neurotransmitter (NT). These changes may become more substantial with time and
repeated expose, leading tdong-term potentiationDashed lines indicate speculation of
associationdNumbers 14 represent references highlighted by the review article.

2.4.1 Effect of Exercise Assessedsing TMS

There is evidence which supports the notion that AE can lead to significant (short
term) changes in CSE, however there are conflicting findings, as various intensities and
durations of AE have been examined with respect to (BaEar et al., 2018; Efayes,
Turco, et al., 2019; Garnier et al., 2017; Lulic et al., 2017b; MacDonald et al., 2019;
McDonnell et al., 2013; Singh et al., 2016; A. E. Smith et al., 2004 recent 2020
scoping reviewconducted in our laboratgrihe effect of AE on CSE was investigated
The review highlightedtudieshatshowedan increase in CSE pe&E in healthy
individuals The commorfactorassociated with studi@scluded in the reviews that
moderatentensity AE was the exercise intendityed ininterventionsvhere increases in
CSE were foundHariri, 2020) Conversely, studies prescribilay- or high-intensity

AE generally did not observe a significant increase in CSE. The AE intensities used in
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the studies included in the review were characterized amkansity (30, 4660% HRR,
30% peak VQ, 57-63% age predicted HRy), moderatantensity (4050% of HRR, 60%
peak VQ, 6476% age predicted HRy), and highintensity (80% HRR, 7-B5% age
predicted HRay (Hariri, 2020) There was variability across the studies with respect to
guantifying AE intensities indicating some overlagherepored intensitiesDespite
moderateintensity AE being the common denominator across studies that found
increased CSE, the duration which the exercise was prescribed was inconsistent
signifying that the optimal AE duration is unknown, though it is suggested thatnan20
bout of AE was adequate to induce neuroplast{tySayes, Harasym, et al., 2018)
brief review of the current literatuveas conducted to further examine the irgerdy
variability across studies examinitite effects oAE on CSE.

A study examined the effects of treadrtiisedAE at varying intensities and
durations on cortical excitabilitfBaltar et al., 2018)Three exercise intensities and
durations ranging from high (795% HRnax) for 10-min, moderate (646% HRnax) for
15-min and low (5763% HRnay) for 30-min were prescribed on varying days. Single
pulse TMS was used to assess the motor area of the right tibialis anterior (Bakale
et al., 2018) The TMS measures were assessed at multiplegoirgs including before,
immediately after, and atfin intervals until the participant was-8@in post
intervention. When compared to baseline, there was a significant increase in cortical
excitation folbwing moderatentensity AE, a decrease in cortical excitation following
high-intensity AE and no change following lemtensity AE(Baltar et al., 2018)These
findings suggeghat moderaténtensity AE may increase motor output variables in the

lower extremity which facilitate increases in cortical excitability.
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In a 2019 study, the effect of sex and ovarian hormones ontshorAEinduced
neuroplasticity was investigated. Maknd females were recruited to particgiatan
acute bout of 20nin moderatantensity cycling at 650% HRnaxtwice ~14 days apart.
Singlepulse (MEP, recruitment curves) and paipedse (SICI) TMS measures were
used to assess neuroplasgiincluding CSE. This study refuted its hypothesis stating
that sex and ovarian hormones do not have an effect oftglrineuroplastic change
induced by acute AE. However, this study revealed that acute AE can cause significant
change in neuroplasticity in the M1 and that this finding is similar between males and
femalegEl-Sayes, Turco, et al., 2019)rther suggesting that moderatéensity AE
may facilitate increases in CSE.

The effects of two modes of muscle contractios (eccentric vsconcentric)
during treadmill walking was investigated in relationship to changes in CSE. Twelve
participants completed two randomized paradigms (the first being exercise alone, and the
second being exercise paired with paired associative stimulationk tieparticipants
exercised for 3@nin on a treadmill at 60% of HRxwith the slope of the treadmill set to
+10% and-10% grade. This exercise prescription was not specified to a specific
intensity, and respective intensity was not reported. Singllee TMS assessed via an
input/outputcurve(also known as a-8 curve)was used to assess the motor output of the
abductor pollicis brevis. The results of the study revealed a significant increase in MEP
amplitude following both modes of 3€iin exercise. MEP amplitude increasedrBih
following paired associative stimulatiofihese findingsuggest that sutmaximal

exercise on a treadmill can increase CSE withim®®(Garnier et al., 2017)
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As mentioned, an increase in CSE can be characterized through several TMS
based measures, including increased MEP amplitude, decreased RMT, or an upward or
downward shift in the &R curve(Rossini et al., 2015A 2017 studyexamined the effect
of a 28min bout of cycling at moderaiatensity (5070% of age predicted HRx
however participants all maintained approximately 60% of age predicteghfiR ulic
et al., 2017a)The results showedl significant increase in MEP amplitude at rest and the
area under the-R curve was reported for individuals who identified as highly physically
active (Figure 4), but not for those that identified as having a low level of physical
activity (Lulicetal.,2017a) The participantsd activity
International Physical Activity Questionnaire (IPAQ), a quantifiable measure which
looks at the amount of physical activity performed in a 7 day pé@aalg et al., 2003)
Participants were identified as highly physically active if their MiEdreexceeded 3000
and were identified as lowmoderately active if their ME$corewas below 300QLulic
et al., 2017a)These findings suggest that CSE can be influenced by the physical activity
level of the person undergoing the AE. It is possible that other components related to
fitness levels may be associated with CSE, including blood lactate concentration

(specificaly LT), which is discussed below.
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Figure4. Thresholds and recruitment curves.

From Lulic et al., (2017). B, where 15 pretesting and Tis posttesting. MEP
amplitudes (mV) were significantly in
compared to the | ow physical activity
(AURC) increased posAE for the high physical activitgroup.

A recent study included two experiments to examine the impact of AE intensity

creas
grou

and participantsdé aerobic fitness on CSE.

percentage of HRR with participants cycling forath at three intensities (30, 40, and
50% HRR) in a randomized order. It was found that MEP amplitude increased
significantly only after exercising at 40 and 50% of HRR (Figure 5), but not 30%
(MacDonald et al., 2019¥uggesting there is a lower bound of AE intensity required to

drive changes in CSE. In the second experiment, participants aerobic fit@ess

was first determined vi aV@mumagedfnom221GXT .

48.2 mL/kg/min. Participants then completed an2@ bout of cyclingbased exercise at
50% of their HRR. Prpost measures of CSE (via the area under tRec8rve) indicated
that while increases in CSE were observed, there was no relationship between

parti ci panessand GSE (Figuii (MacOonald et al., 2019)
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Figure5. Stimulus response {8) curves preand postexercise intervention.
From MacDonald et al., (2019). A indicates exercise intensity 30% HRR, B indicates

exercise intensity 40% HRR and C indicates exercise intensity 50% HRR. Significant
increases in MEP amplitude were observed at 40 and 50% HRR.
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FromMacDonald et al., (2019). Area under the curve change sdod#J) for each
participant, plotted as a function of aerobic fithness (measured by maximal oxygen uptake
(VO2may immediately after exercise (A) and 30 min after exercise (B).

A study byMcDonnell et al., (2013) examined the effect of two different cyeling
based AE interventions on brain excitability. The first intervention was considered low
intensity (57% of age predicted HR for-8tin) with the second considered moderate
intensity (77% of age predicted HRfor-'6 n) . A no exerci se or
included for comparative purposes as a third condition. Sppgke TMS was
administered preand postxercise to examine MEP amplitude (an average of 15 TMS
pulses at each time pojniNo significant changes in CSE were found following any of
the three interventions.

Excitability changes in the upper limb following a single session of lower limb

cycling, pre, immediately postand post30 min were examined by Singh et al., (2014).
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Several TMS measures were used to assess changes in excitability inaymitigutput
curves, SICI, LICI and ICF of the extensor carpi radialis muscle. The exercise
intervention selected was 20in of cycling at 6570% of age predicted HRx Due to its
relationship to CSE, BDNF was also monitored in response to exercise during this study.
The results of this study indicated significant increases in ICF and desire&3€I
following the exercise interventiorlowever no changes were reported foput/output
curves and LIC[Singh et al., 2014 Despitethe failure tashow increasethput/output
curves, the results indicate that exercise may be favourable for promoting conditions of
plasticity in ML.

Other contradictory findings related to the effect of AE on brain excitability are
indicated by a 2014 studwhich had participants complete a cyclibgsed AE
intervention, in two 18min bouts, one of which was considered low intensity (40% of
their predicted HRR) and the second high intensity (80% of their predicted HRR). In the
first experiment, brain excitédlly was assessed via ppowst changes in active motor
threshold, RMT and the-B curve, while in in the second, SICI was examined. In the
first experiment, no change in RMT was reported. However, the expected increase in
MEP amplitude with higher stimulus intensities was observed. In the second experiment,
a significant reduction in SICI was reportedrbth postexercise. The findings from
experimet two support the notion that AE administered in a single bout reduces
GABAAa-mediated intracortical inhibition, a hypothesis that was explored regarding
exerciseinduced neuroplasticit{Singh et al., 2014)

In their 2020 scoping reviewariri et al. 020)reported the effects of low

moderate, and highintensity AE on CSE. Table 1 provides a summary of the changes in
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CSE from healthy participan{dndrews et al., 2020; Baltar et al., 2018:Fzyes, Turco,

et al., 2019; Garnier et al., 2017; Lulic et al., 2017b; MacDonald et al., 2019; McDonnell

et al., 2013; Mooney et al., 2016; Morris et al., 2020; Neva et al., 2017; Singh et al.,

2014; A. E. Snth et al., 2014, 2018; Yamazaki et al., 201I9)is review further

highlights the variability that exists regarding the effect of AE on CSE.

Tablel. Changes in CSE following AE interventions. Adapted from Hariri, 2020.

Note.A n

Study Name

Changes in Corticospinal Excitability

3

Singh (2014)

McDonnell (2013)

McDonnell (2013)

Mooney (2016)

Garnier (2017)

Garnier (2017)

El-Sayes (2019)

Smith (2014)

Smith (2014)

Lulic (2017)

Morris (2020)

Smith (2018)

MacDonald (2019)

MacDonald (2019)

MacDonald (2019)

Baltar (2018)

Baltar (2018)

Baltar (2018)

Andrews (2020)

Neva (2017)

Yamazaki (2019)

Yamazaki (2019)
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https://dalspace.library.dal.ca/bitstream/handle/10222/80278/AnwaarHariri2021.pdf?sequence=4&isAllowed=y

As highlighted in the previous sections, there is discrepancy in the literature
regarding the impact of AE on CSE, with some studies showing a positive effect on CSE
(i.e., increasing CSE) with others showing no effiflst ofthe studies listed above
focuson increased CSE following a bout of modefiatensity AEprescrbed at a
percentage of HRx or HRR. Given that there may be variability associated with
prescribing exercise through relative intensities, it may be of bengfiesaribe th\E
intensity relative to PPO, as PPO is an absolute vlhenexercise is prescribed in
relation to threshold/absolute measurements (i.e., PPO) compared to relative
measurements (i.e., HB, HRR,V®2may it is possible that absolute intensities may limit
variation across metabolic and respiratory response to ex@viasm et al., 2013)
making absolute intensities optimal for prescribing exercise

The current literature involving AE and the brain indicates positive effects related
to optimal environments for neuroplasticity, however the exact dose of exercise which is
recommended to induce these charigemt yet known and istill being explored
(Nicolini et al., 2020) Depending on the exercise intensity (i.e., low, moderate, or high)
various physiological changes occur. These physiological changes may be due to exercise
induced increases in the concentration of metabolites such as BDNF, glucose, and lactate,
all of which are ged by thecentral nervous systenm@ molecular or functional level
(Coco et al., 2010b, 2014;Byes, Harasym, et al., 2019; Mang et al., 2013; Muller et
al., 2020; Perciavalle et al., 2010a; Yang et al., 2014@se metabolic changes may
drive shoriterm changes CSE facilitating altered receptor activitgnd in @rticular

NMDA receptor activity within neurons in the brain as reporteYagg et al.(2014a)
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Altered receptor activity within the brain may ultimately lead to increased CSE, however

the exact mechanisms related to increased CSE continue to be explored.

2.5 Lactate

2.5.1 The Production of Lactate

Lactate is a byroduct which accumulatem the bloodduring glucose
metabolism oGlycolysis, a process which occurs anaerobically (i.e., without the
presence of oxygerfPowers & Howley, 2018)Glycolysis refers to the breakdown of
glucose or glycogen to form two molecules of pyruvatech can later be converted to
lactate. The process Glycolysis is broken down into two phasesere phase one is
known as the energy investment phase and phase two being the energy generation phase
(Powers & Howley, 2018Whenglucose is broken down during the energy investment
phase, two stored adenosine triphosph@téP) are required to form phosphates
However, if glycogen is broken down, only one ATP molecule is req(iteders &
Howley, 2018) In the energy generation phakigh energy electrooarrier molecules
nicotinamide adenine dinucleotide (NADand flavin adenine dinucleotide (FAD) allow
for hydrogen (H) to be transported for later metabolic processes. When*NsAD
reduced, it forms NADHPowers & Howley, 2018)Under the presence of oxygen, the
H* ions are shuttled to be used in the mitochondria during aerobic metabaligrnen
oxygen is not present, pyruvate accepts thehs and forms lactai@owers & Howley,
2018) allowing Glycolysis to continue. The process of pyruvate converting to lactate is
catalyzed via the enzyme lactate dehydrogenase (I(Pbiyers & Howley, 2018)

Aerobic metabolism occurs via two related pathwayshétitric acid cycle

(CAC) and 2)xheelectron transport chain (ETC). The CAC allows for complete
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oxidation of macronutrients (carbohydrates, fatgl proteins) via FAD and NADThe
CAC begins when pyruvate forms aceGoA to enter the CAC for oxidation and
produces3 NADH and FADH for the ETC(Powers & Howley, 2018)As a result,
electrons are releaseahich travel to the ETC promoting the formation of AVIR
oxidative phosphorylatiariThe ETC allows for aerobically produced ATP via FADH
NADH and wate(Powers & Howley, 2018)The production and removal of lactatn
occur within the skeletal musdl€ruz et al., 2012and the brairfMagistretti & Allaman,
2018) During light to moderateintensity exercise, metabolic proceseesur via
aerobic metabolism, meaning that oxygen is required for the production ofPolirers
& Howley, 2018) With increasingexercisentensityand durationblood lactate
concentratiorwill increase, specifically as n d i v approaafsuspéssheir lactate
threshold(LT).

Lactate threshold is a parameter of aerdnction which is commonly used in
exercise physiology and exercise prescription settings where it is used to assess physical
working capacityBelman &Gaesser, 1991; Powers & Howley, 2018 ctate threshold
is defined as thpoint where blood lactate tends to increase exponentially during graded
exercise testing, commonly at 4 mmo{&oodwin et al., 2007; McArdle et al., 2015)
There are four potential mechanisms for explanation of LT during incremental exercise,
being: 1)lack of available oxygen for thrauscle, 2) increased muscle glycogen
breakdowrdue to heightesd epinephrine, 3) recruitment of fastitch muscle fibers and
4) declined rate of lactate remoyRlowers & Howley, 2018)A concept known as
maximal lactate steady stateused to establish the peak aerobic power achieved without

the accumulation of lactate for metabolic engiiggneke et al., 2011This concept
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suggests that lactate concentration will level out during longer duration AE. The average
value ofmaximal lactate steady stateindividuals is approximately 4.0 mmol/L, ranging
from 1.5 mmol/L to 7.0 mmol/l(Goodwin et al., 2007With exercise, lactate is released
into the blood strearfollowing production from type 1l muscle fibenshere it can be

usad as an energy sourbg other cells (including, type 1 muscle fibers, cardiac fibers

and the liver)Cruz et al., 2012; Donovan & Pagliassotti, 20@8condaryan increase

in blood lactate concentration results in build of lactate in the working muscle, that is
then shuttled through the blood streamere it may be s8d by other organ€Coco et al.,

2010a; Magistretti & Allaman, 2018)

2.5.2 Response of Lactate During Exercise

Following an exercisenduced increase in lactate, the body may respond by
allowing lactate to act as a direct fuel source for the heart, skeletal r(fesalers &
Howley, 2018)andbrain (Barros, 2013; Magistretti & Allaman, 201&)s well as being
used as aubstrate in the liver for the synthesis of gluc@x®wvers & Howley, 2018)
During exercise, lactate will accumulate with increased intensity. An acute bout of AE
will cause an increase in substrates important for metabolic functioning such as glucose,
oxygen and lactatMoscatelli, Valenzano, Petito, Triggiani, Cilibert, et al., 20Té)e
lactate shuttle is a concept which allows for the transportation of lactate around the body
to be el as a fuel sourc@owers & Howley, 2018)There are two methods to support
the notion of the lactate shuttle hypothesis, including the intracellular lactate shuttle and
the intercellular lactate shuti{Brooks, 1986b; Todd, 2014)he intracellular lactate
shuttle suggests that monocarboxylate transpaité@3’) allow for lactate molecules to

be transported across the mitochondrial intermembrane gjpecelactateis upregulated
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into the skeletal musclé¥odd, 2014) The intercellular lactate shuttle occurs when there

is an excess of lactatenerated viasttwitch muscle fibersandthe lactates

transportedo areas able to metabolize lactate such as-slateh muscle fibergTodd,

2014) Lactate is known to attach to red blood cells altering the pH of blood, however this

uptake is only proportional during ABswith maximal exercise the ra# whichlactate

is produced exceeds thate at which it can be metabolizgladden, 2004; Todd, 2014)
During AE, blood lactate concentrations may vary depending on the exercise

intensity. Indeed, there is individual variability in response to exercise and training due to

physiological and genetic factafiglann et al., 2013)It is suggested that LT can be used

as a parameter for establishing exercise intensityloasl lactate concentration provides

an indication of aerobic status and endurance perforn{&oeeers & Howley, 2018)it

is known that individuals who are considered trained exhibit increased LT in comparison

to untrained individuals. This evident inthe relationship between LT aW®2max

where trained individuals reach their LT betweerB656 of theirV-©2maxand untrained

individualsreachtheir LT at 5060% of theirV®2max (Powers & Howley, 2018With

aerobic training, LT habeen shown tancreas€Goodwin et al., 2007)Since blood

lactate concentration is a commonly used measure in exercise phy¢Bmoywin et

al., 2007; Mann et al., 2013; McArdle et al., 2QJ&grobic training in conjunction with

LT leads to improved endurance performance in runners and cyclists, suggesting that

same may occur for healthy individuals. Knowing this, weeogrectthat untrained and

trained individuals may experience varied responsetml lactate concentration

depending on the exercise intensity. Understanding that LT values may vary based on
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training status suggests that blood lactate concentration may be a factor involved in AE
induced alterations in CSE.

When individuals engage in AE that is prescribed at a fixed intensity relative to
their own maximum (e.g., age predictedddiR HRR or PPO), some may be working
below LT while others could be working above LT owing to their aerobic fithess.
Typically, during exhaustive exercise interventions (i.e., maximum GXTs, as used in
Coco et al., 2010), blood lactate concentration willease exponentially, as participants
reach theimaximumwork capacity. During steaestate AE however, it is likely that
some indviduals may experience an accumulation of blood lactate, while attagreot
with the variability attributable to differences in aerobic fithess (and thus LT) across
participants. As neither blood lactate concentration nor participants aerobic fitness are
routinely assessed in studies examining the effect of AE on CSE, thererisiderable
gap in knowledge. These changes in blood lactate concentration may be a factor driving
the variability observed in CSE changes following AE interventions.

Within the brain]actate is a valued contributor to normal function angsesdby
neuronsand musclesluring exerciséSchurr, 2008; Todd, 2014lucose is the
preferred substrate faerebral metabolism, however lactate acts as a substrate during
periods of stres(g, exercise)Barros, 2013; Magistretti & Allaman, 2018; Riske et al.,
2017) When patrticipating in higintensity exercisdactate concentration @arterial
bloodincreaseswhich contributes to the consumption of lactayehe brainrwhenthe
amount ofglucose is decreas€Barros, 2013; Dalsgaard et al., 2004; Quistorff et al.,
2008) The switch ofuel for metabolisnifrom glucose to lactate during exercise allows

for maintenance of optimal functiaf the brain in low glucose conditiofBarros, 2013;
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Wyss et al., 2011)t is suspected that increased blood lactate concentiati®sociated
with increased CSE, when assessed using TMS. Previous work has investigated these
exerciseinduced increases in blood lactate concentration with respect to brain
excitability, which is discussed in the following secti@@oco et al., 2010a; Moscatelli,

Valenzano, Petito, Triggiani, Cilibert, et al., 2016; Perciavalle et al., 2010b)

2.5.3 How the Brain Responds td_actate

The ability of the brain to produce andelactate continues to be investigated.
Lactate is thought to act as an important energy substrate for neural fyiiciial
2014) Lactate isametabolite which isusedby neurons during exercig@vergaard et
al., 2012) Astrocytes metabolize glucose during exercise forming lactate apradyct.
Neurons not only receive lactate produced at the level of astrocytes but also from the
blood strean{Brooks, 1986a; Magistretti & Allaman, 2018)hisfinding suggests that
lactate can be shuttled between astrocytes and neurons, a concept coined the-astrocyte
neuronlactate shuttle hypothegislagistretti & Allaman, 2018; Overgaard et al., 2Q12)
The communication between astrocytes and neurons is said to be crucial for memory
formation(Mdiller et al., 2020; Suzuki et al., 2011yYhen exercise is involved, this
hypothesis is said to contribute up to 33% of total energy substrate consumed, which
ultimately supposdthe notion that lactate produced during exercise is metabolized by
both astrocytes and neurons within the braie to its ability to cross the blood brain
barrier(Proia et al., 2016; Riske et al., 201Thereforelactate, whether accumulated via
Glycolysisin the peripheryr throughits production in the brain, is involved in

homeostatic function@agistretti & Allaman, 2018)
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Secondly, lactate may modulatertical excitability based on preliminary findings
whereincreased excitability in pyramidal cells under the presence of lactate in the
hippocampal region of the braivas documente(Sada et al., 2015ptherevidence has
beenreportedsupporing the notion that lactate may play an important role in modulating
metabolic functions, however the response of lactate may be dependent on factors related
to signal pathways, transporters and the target ne(ktagistretti & Allaman, 2018)
van Hall et al., (2009) showed that-80n of cycling at 75% o¥®.maxincreased the
uptake of lactate in the brain from rest conditions. The authors proposed that lactate
concentration may be a confounding factor associated with exerdiseed plasticity
due to its interaction with BDNF. Washypothesized that lactate is associated with
increased NMDA receptor activity within neurofdtller et al., 2020; Yang et al.,
2014a) Specifically, itis thought that an increase in blood lactaircentrations
associated with increased NADH andCapregulatingglutamate receptor activity
(NMDA) (Yang et al., 2014&nd thus synaptic connectivjtgform of shortterm
neuroplasticityWhether this effect of increaséattate concentratioinom AE manifests

as increasedorticospinal excitability is not entirely known

2.6  Blood Lactate and Corticospinal Excitability

The impacts of neuromodulatory agents on brain excitability have been
investigated in previous literature, particularly when induced by@dto et al., 2014,
2014; Mang et al., 2013; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 2016;
Perciavalle et al., 2010aAs mentioned, when one exercises, various metabolic reactions
occur contributing to physiological changes. Of specific intebdstdlactate has been

explored as an agent that can influe@SE A series of studies have examined the effect

36



of blood lactate concentration on brain excitability following various exercise
interventions. However, there are conflicting results as to whether blood lactate is
associated with changes in brain excitability. Table 2 contains a summary of the
following studies, including the participant demographics, methods, intervention and
results(Coco et al., 2010b, 2014; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et

al., 2016; Perciavalle et al., 2010a)
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Table2. Summary table of thienpact ofblood lactate on CSE.

Author

Participants

Methods

Intervention

Results

Coco et al., (2014)

8 healthy males
Mean age: (28.0+6.3
years)

All participants were
right-handed.

Handgrip strain gauge
dynamometer to
produce tonic
contraction.

Cortical excitability
assessed using 1mV
resting motothreshold.
Looking to find a

compound MEP value.

Capillary blood lactate
measured end, post 5
min and post 18nin
intervention.

Participants replicated
30% of MVG for 1 min
and relaxed for 15
seconds. This was
repeated until
volitational fatigue.

Blood lactate increased ¢
end of exercise, returning
to pretest levels by 10
min.

MEP decreased at end ¢
exercise and improved
after 5min before
returning to preest
levels.

At end to post 8nin
cortical excitability
decreased and lactate
levels increased,
suggesting an increase il
blood lactate is associate
with decreased cortical
excitability.
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Coco et al., (2010a)

17 adult men
Mean age:

A) 20.8+2.2 years
B) 22.5+2.2 years

Single pulse TMS at
120% of threshold
intensity.

Capillary bloodactate
levels were measured,
and MT were measure(
All 17 participants
completed an
exhaustive exercise
intervention (A).

Only 6 of the 17
participants received ar
intravenous lactate
infusion (B).

Testing occurred pre,
post, post 5nin and
post 10min.

Exhaustive exercise: = Exhaustive exercise:

Maximal multistage Increases in blood
dis-continuous lactate and decreased
incremental cycling test MT were observed.
on a mechanically Intravenous lactate:

braked cycle ergomete! increases in blood
Participants cycled at a lactate and decreased
constant RPM of 60,  MT were noted.
load increased by 30

watts ever 3 min until

volitational fatigue or

the subject was unabl

to maintain cadence.

Intravenous lactate: a

2mEg/mL lactate

solution was delivered

intravenously
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Moscatelli, Valenzano, 24 participants

Petito, Triggiani,
Ciliberti et al., (2016)

Mean age Athletes:

26.5+5 years
Mean age
Non-athletes:
25.5+4.8 years

TMS: MEPs were
measured and average
over 5 consecutive
responses and the RM’
andMEP amplitude
were determined in
each subject before
fatiguing hanegrip
exercises and at the en
of the exercise. RMT
was expressed as a
percentage of maximur
output power.

To determine MVG:
Right hand in hand
dynamometer, grip to
produce an isometric
contraction. Average of
highest 3 values of
maximal isometric force
generated by dominant
hand.

Capillary blood lactate
was measured pre, pos
3-min post and 10nin
post.

Fatiguing exercise: Total Population (athlete
After subsequent rest, and nonrathletes):
subjects were asked to An increase in blood
reproduce 30% of the lactate concentration wa:
MVG for 4 seconds, associated with increase
relaxed for 2 seconds RMT and decreased ME
and then repeated for 1 amplitudes.
min Suggesting that, an
increase in blood lactate
concentration was
associated with decreas¢
brain excitability.
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Perciavalle et al., 41 participants
(2010b) 20 Females:
Mean age 21.0+1.6
years
21 Males:
Mean age 21.7+1.8
years

Capillary blood lactate Subjects performed a Female:
levels, blood glucose  maximal multistage Significant differences

and MT were measure( discontinuous were found as an increas
post, post 5min and incremental cycling test in blood lactate levels
post 10min following ~ on a mechanically lead to decreased MT.
the intervention. braked cycle ergometel Male:

TMS stimulus intensity at 60 rpm increased by Significant increases in

was set to 120% of 30 watts every 3 min  blood lactate levels and

RMT value. TMS was until volitational fatigue decreases in MT were

delivered in single or they could not reported.

pulse. maintain cadence.
Following post 5min, a
significant difference
between MT for males
and females were found,
in which females saw a
greater increase in motol
cortex excitability due to
an increase in blood
lactate in comparison to
men. Suggesting the
females are more
excitable than males.

Note.MVG, maximal voluntary grip; mV, millivolts; MEP, motor evoked potential; TMS, transcranial magnetic stimulation; MT,
motor threshold; RPM, revolutions per minute; RMT, resting motor thréshol



Several studies have used interventions that result in fatigue to induce changes in
blood lactate concentration. For instance, Coco and colleagues (2014) examined blood
lactate concentration and brain excitability before and aft@tiguingintervention.
Participants were required to replicate 30% of theirdatermined maximum voluntary
grip using a hantheld dynamometer. The participants were asked to maintain a
contraction at 30% of their maximum voluntary grip for 1 min, repeating thigazion
with 15seondbreaks between repetitions until failure or volitational fatiffeco et
al., 2014) Cortical excitability was evaluated using TMS via the right flexor digitorum
superficialis musclef the contralateral hand of the hand involved in the fatiguing
protocol Briefly, before completion of the fatiguing protocol, the intensity of TMS
required to elicit a MEP 1mV in amplitude in 5/10 trials was identif{@alco et al.,

2014) Upon completion of the fatiguing protocol TMS was delivered at the same
intensity agrior to the interventionBlood lactate concentration and MEP amplitude
were measured at premmediately post post 5-min and post10-minu of the fatigue
intervention. The results of the study demonstrated that at the end of the exhaustive
exercise anat thepost 5-min timepointcortical excitability was decreased, and blood
lactate concentrations were increased compared to baseline (Bigdseblood lactate
concentration increased immediately pesercise, MEP amplitude decreased, with a
return to preexercise MEP amplitude as blood lactate concentration returned to pre
exercise levels. This finding suggests that an increase in bloatelacincentration

results in decreased CSE.
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Figure7. Blood lactate levels (mmol/L) arabntralateral compound MEEMEP)
amplitudes (mV) pre, post (0), postin (5) and post 2tnin (10) intervention.

From Coco et al., (2014). Blood lactate levels increased significantly pre to 0 (1.3
mmol/L to 4.2 mmol/L) before beginning to decrease at 5 to 2.8 mmol/L and then
recovering to prexercise levels of 1.4 mmol/L. cMEP amplitudes decreased
significantly fram pre to 0 (1 mV to 0.3 mV), before increasing to 0.7 mV at 5, and 1.1
mV at 10.

A more recent studysed asimilar approaciio examine cortical excitability and
lactate concentratioim Taekwondo athletes and nathletedMoscatelli, Valenzano,
Petito, Triggiani, Ciliberti, et al., 2016participants completta handgrip to fatigue
intervention where participants produced 30% of thekdatermined maximum
voluntary grip for 4 sec on and 2 sec off for a duration efnlf®. Theflexor digitorum
superficialismuscle was selected to assess changes in RMT (RMT%), MEP amplitude
(mV) and blood lactate levels (mmol/fthm pre- to post (end), post3-min (3 min) and

post 10-min (10 min) for athletes and nathletegMoscatelli, Valenzano, Petito,

Triggiani, Ciliberti, et al., 2016)The relevant finding associated with this study was that

43



an increase in blood lactate was associated with a significant increase in RMT 8Figure
and lower amplitude MEPs, with the latter finding depicted in FiQuslowing that as
blood lactate concentration decreased, MEP amplitude increased. This finding of
decreased brain excitability with increased blood lactate concentration was observed in

both athletes and nemthletes.

Blood lactate (mmol/)
-9

R™=0.6583
2 4 F=42.38
p<0.0001
0 r r T T 1
40 45 50 55 60 65
™MT%

Figure8. Correlation between blood lactatencentratiorand resting motor threshold,
post fatigue intervention for total population.

From Moscatelli et al., (2016). A linear regression analysis revealed a significant,
positive correlation between blood lactate and RIgRD(0001). Meaning that, as blood
lactate concentration increase higher percentage of stimulator output was required to
elicit RMT. The finding suggesthat increased blood lactatencentation isassociated
with increased RMT valuesijgnifying decreased brain excitability.
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Figure9. Correlation between blood lactatencentratiorand MEP amplitude (mV)

From Moscatelli et al 201@.inear regression revealed a significant negative correlation
between blood lactamncentratiorand MEP amplitude (mV)pk0.0001)post fatiguing
intervention This finding suggestihat increased blood lactatencentration was
associated with smaller MEP amplitudes, signifying decreased CSE.

Blood lactate (mmol/)
-9

In relation to exercise interventions, maximal exercise tests appear to be the
common method of choice when examining the relationship between blood lactate
concentration and brain excitabilig¢oco et al., 2010b; Perciavalle et al., 2010pne
study, both male and females were examined in order to determine if there were sex
differences related to blood lactate concentration and motor cortex excitability
(Perciavalle et al., 2010bjyhe study examined capillary blood lactate concentrations and
motor threshold (MT) values of the FDI preost, post 2-min and post10-min
following a maximal multistage discontinuous incremental cycling Té46 was
delivered in single pulses at 120% of the predetermined RMT watumcrease in blood
lactate concentration was related to an increase in motor cortex excitability, with this
increase observed in both males and females, however females showed a heightened

response.
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Coco et al, (2010eported similar findings to that of Perciavalle et(2010Db).
In this studyparticipans blood lactateconcentratiorand motor threshold values
(obtained via the FDWNvere assessqtie, post, post 5-min and post10-min following
an exhaustive exercise intervention. The study also included an intravenous lactate
infusion ofsix participants. The lactate infusion was implemented to determine if the
increase in lactate alone is capable of influencing motor cortex excitabilitysplaykd
in FigurelO, in both conditions (i.e., exhaustive exercise and lactate infusion) there was a
significant negative correlation between increased blood lactate concentration (mmol/L)
and MT (%) at pre post, post 5min and post 14nin (Coco et al., 2010aY herefore,
the main finding from Coco et al., 2010, is that following a bout of exhaustive exercise,
blood lactateconcentration increaseuhd was associated with a significant decrease in
MT. This findingsuggestshat an increase in blood lactate concentration was associated
with increased excitation of the motor cortex (Figude 1

Exhaustive exercise Lactate infusion
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Figurel0. Relationship between blood lactate and motor threshold values for motor
cortex excitation for total subject population.

From Coco et al., (2010\Wherethe figure on the lethighlights the relationship between
motor threshold (%) values and blood lactate (mmol/L) following a bout of exhaustive
exercise anthe figure on the rightighlights the relationship between motor threshold
(%) and blood lactate (mmol/L) following an intravenous lactate infusion.

46



Collectively, the findings from these studies indicdtese is variabilityin the
impact ofincreased concentration of lactatebrain excitability. In some studies there
was a increase in CSE with increased blood lactate concentr@@ioco et al., 2010a;
Perciavalle et al2010b) whereas other studies found netationshipbetween increased
blood lactate concentration and C&thighlighted a decrease in CSE followizag
increasan lactate concentratiofCoco et al., 2014; Moscatelli, Valenzano, Petito,

Triggiani, Ciliberti, et al., 2016)

Across the aforementionetudiesdifferentexercise interventions weused
includingthose that involved exercisefatiguing handgrip exercis€Coco et al., 2014;
Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 20468 exhaustive exercise
(Coco et al., 2010a; Perciavalle et al., 2010Iv) our knowledgethe effect of altered
blood lactate concentration during steady state AE has not been investigated. The
literature examined in the previous sections regarding the effect of AE on CSE showed
moderateintensity AE to be optimal in facilitating significant alterations in GEE
Sayes, Harasym, et al., 2019; Hariri, 2029)wever, there is variability in the response
both across and within studies (i.e., some participants show increased CSE while other do
not). As none of these studiesaminel the effects of metabolic bgroducts which may
accumulate during AHt is possible that the variability in the brains response to AE is
attributable to a change in lactate concentration in the blood and should be considered in

such work.

2.7 SUMMARY
Review ofprior literaturehighlightsthe relationship between AE and CSE, and

the potential rol¢hat a change iblood lactate concentration may play in mediating CSE.
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Through previ ous e v mdderatantensity We diivegincteasesrinn e d
CSE when assessed via TMSgayp in the literature linking the effect of an acute bout of
moderateintensity AE on CSE and the interdividual variability of metabolitesvhich
accumulate during physical activity and exer@sgests It is important to understand
whether these metabolites impact CE&Hrther, there isariability in past workregarding
the methods$or prescribing AE in that approaches have included working at percentages
of HRmax Or V®2max Thesemethods are subject to variability across participants, and
therefore, an absolute measure of intensitich as working at@ercentage of PRO
would provide abetter approach as the work performed by a given participant would be
less variable compared d&yday.Understanding that at a moderateensityof
exercise some individuals malgeworking above their lactate threshold and others may
be belowwhich mayexplainthe varying results (i.e., increased, decreased or no change
in CSE) across AE studievhere CSE was examined. This poses the question, is there a
confounding variable associated with alterations in CSE?

There is variability that exists in these studies, as in some instances, changes in
CSE are observed, while in other instances it is not, despite moueestsity AE
interventions being usetMetabolic byproducts, such as lactasecumulaten the blood
during intense physical activity and exercise. However, this accumulation varies between
individuals.During moderatentensity exercise, some participants may exceed their
lactate threshold (i.e., transition from aerobic to anaerobic systems) whils @h®in
below their lactate threshold. This variability in lactate production and accumulation may
explain the variability observed in studies examining AE and CSE yet changes in lactate

concentration have yet to be considered in this body of work.
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CHAPTER 3:STUDY OBJECTIVE AND RESEARCH QUESTIOS!

To our knowledge, no studies have examined the effeadteredblood lactate
concentration on CSE following an acute bout of moderaémsity AE.Understanding
blood lactate concentrations during steathte moderatatensity AE will aid in the
understanding regarding the potential relationship between lactate and brain exagtation
assessed b@SE specifically, whether changas CSEarein response tachange in
blood lactate concentration. Hence, the purpose of this study is to determine \&hether
change in blood lactate concentration inducedrwacute bout of moderaitgtensity AE
will alter CSE The results from this study will indicate whether blood lactate is a
mediating factoimvolved inincreased CSE induced by moderitensity AE.

Our researclieekdo answer two questionkirstly, does a change in blood
lactate concentration induced ag acute bout of moderaitgensity AE alter CSE in
healthy adults@iven the findings of previous studies showing grtayel effects of AE
on CSE, we also sought to determiihan acute bout of moderaitgtensity AEwill
increase CSEWe hypothesized that healthy participantthere would be a positive
relationship between blood lactate concentrationG®Hin thatincreased blood lactate
concentratiorwould result in increased CSEegarding ousecondaryuestion, we
anticipated an overaihcrease in CSE following a bout of moderattensity AE when

comparing prandpostmeasures.
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CHAPTER 4 METHODOLOGY

4.1  Participants
Sample sizavas estimated to be 29 participanssnga moderateeffect size(f =

0.5), assuming aone a i |=0d ,0 5U=®5%Papovierfor alinear regression model
(one predictor valug)G*Power, v3.1where the effect of blood lactatencentratioron
CSE was observedhdividuals identifying as male and femaletween the ages @8-40
yearsof agewereeligible to participate, witlthe goal of obtaining neaqual distribution
of males and females. Participantslin@ selfreported history of neurological,
cardiovascular (including hypertensiopilmonary disorders, anderedeemed saffor
exercise Participants were required to complete screening protoca®fenvasive
brain stimulatio(TMS) andfor blood collectiorto ensure eligibility for participation
Thestudy was approved by the Dalhousie University Health Sciences Research Ethics
Board and eachapticipant providd written, informed consent. Participantsre
included in the study based on the following inclusion and exclusion criteria.
Inclusion criteria include:

1. Individuals aged 1-80years of age

2. Suitability to perform exercise safely (as assessed by the@AR

3. Suitability to engage in nemvasive brain stimulation (TMS).

4. No selfreported history of neurological, cardiovascutarpulmonary disorders.
Exclusion criteria include:

1. Having respiratory disorders, hypertension or other cardiovascular diseases that

would preclude participating in exercise.
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2. Having any contraindications or noesponsive to TMS (as assessed by the TMS
screening form).
3. Having a Body MAass I ndex O 30kg/ m

4. Is a regular smoker.

4.2  Study Outline
Participants completetwo sessionsThe first sessiotook approximately 9min
and consigdof hotspotting(explainedind Tr anscr ani al Magnetic St
via TMS to ensure responsiveness todti@ulation. Participants who were responsive to
TMS were administered GXT to determine thie PPQ The secondessiontook
approximately 20-min to complete and involved 20 min bout of moderatentensity
AE bookended by a8-R curveand measurements blood lactate concentration. These
measuresverecompletedbefore(Pre), immediately afterRost) and 1@min post Post10)
AE. Blood lactate measuregerecollected at theBnin and 15min mark following AE
to monitor the partici pan fFiguse llnémorstdatedtizect at e
procedures of the study.

TMS Graded
Familiarization Exercise Test

Session 1 Overview

10-Minute
_ N= Post-
Pre-Testing Intervention Testing ngt? :l-g

Session 2 Overview

Figurell Visual representation of components involved in session 1 and 2.
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4.3 Procedures

4.3.1 Session One

Participants were asked to refrain from caffeine, heasgls,and alcohol for at
least 2 hours prior to the study. As well, participants were encouraged to avoid significant
exertion or exercise prior the study, get-® hours of sleep, and to stay well hydrated
prior to completing session 1 andFZior to the start of sessiondl| participant
completed the relevant documentation to ensure eligibility for participa@ionsgnt
Formi Appendix A,Physical Activity and Readiness Questionnaikgppendk B, and
TMS screening forni Appendix Q. A series of questionnaires including a health history
guestionnaire (Appendi®) and the International Physical Activity Questionnaire
(IPAQ) (Appendix E) were also administered at this tifieally, participants were
provided with a brief verbal overview of t
weight (kg) was recorded to the nearest tenth.
Maximal Graded Exercise Test

AGXTwasadmi ni stered to deter mi wasthenach par
used in thesubsequergession to determine the intensity of the AE intervention. The
GXT wasadministered on a stationary-tight cycle ergometdi.ode Corival Cpet,
Lode BV, Gronigen, Netherlandd'he ergometemas electronically bralewith a
modifiable load (resistance) in watts (W) amas adjustedia externalsoftware provided
by the manufacturer to ensure the worklagd maintained adequately duritige
duration of the tesEach participant wasquipped with an arm mounted HR monitor
(Polar Electro Inc., 2022, Lakai€cess, NY, USA) to monitor HR during the duration of

the test. Polar arfworn optical HR monitors are valid for obtaining HR measures during
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moderate and hightensity exerciséHettiarachchi et al., 2019)he device sampteHR
everysecond andHR measures wemecordedevery 2min manuallyduring the GXT to
monitor the participants response to exercise.

The GXT protocolmirrored that of priowork in thelaboratory(Lanzi et al.,
2014, 2015)Participants were seated in a chair fanth prior to the start of the test to
determine their resting HResting HRwasused during the coalown portion of the test
to ensurdghatthe participantsHR returnedo resting levelsParticipans began the test
with a short warrrup wherethey cycled for Emin at an intensity of 40 W. This warap
period allowed for familiariationwith the bike and the ability to prepare themselves for
strenuous exercis€ollowing the warrrup, the workload increaddy 20W every
minutefollowing a ramp protocalintil the participantvasunable to complete the test
further(i.e., exhaustionthe participant asked to stapeir cadence dropped below 60
RPM or for other reasonsummarized in Table)3Selfreported rating of perceived
exertion (RPE) on a scale of20 wasmonitored for the duration of the test using the
Borg ScalgBorg, 1982)Appendix F) Participant RPRvasrecorded immediately
following the warmup and every 2nin during the GXT. The investigatbeld theBorg
Scale in front of the participant aadkedfor a verbal ratingGiven that te GXT was
designed to be short in duration the length typically rdfhgéween &nd12-min.
Participants were instructed to provide a cue when they believed they had approximately
1-min remaining in the tesA final measurement of RPE and HR was performed at that
time. Each participant cortgied a 5min cool down period at an intensity of ®0to
help lower their HR to at, or near resting levélarticipantsvereinstructed tavoid

holding or gripping the handlebars of the ergometer whiiténgthe GXTandwhile
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completing theAE interventionduringsession 2 to avoid potential activation of the hand
and forearm muscles being investigated through TMS.
To be considered a true maximal GXT, the following two criteria must be met:
1. A final RPE on the Borg scale O 17.
2. Peak HR equaltoorwithin®2eat s of the partimgi pant os
determined by the formula (Tanaka et al., 1997): Age predicted++§206.9i
(0.67 x Age)].

Table3. Generalmdicationsto stop an exercise test
Adapted from{American College of Sports Medicine et al., 2018)
General Indications of Stopping an Exercise Test in Adults
- Onset of angina or angina like symptoms
- Drop in(systolic blood pressur&BP >/= 10 mmHg with an increase in work
rate of if SBP decreases below the value obtained in the same position pri
testing
- Excessive rise iblood pressureBP): SBP >/= 250 mmHg and/or diastolic
pressure >115 mmHg
- Shortness of breath, wheezing, leg cramps and claudication
- Signs of poor perfusion: lighteadedness, confusion, ataxia, pallor, cyanosi
nausea or cold and clammy skin
- Failure of HR to increase with increased intensity
- Noticeable change in heart rhythm by palpatioauscultation

Peak power output (PPO)sadefined as the maximum wattage (recorded via the
ergometer) achieved during the GXT. Modetiatensity (i.e., 60%) wsdetermined by
multiplying the PPO by 0.6f participants were unable to maint&i% of PPQduring
the moderaténtensity AE sessiothe wattage was decreased by 1@dWa maximum of
two decrements
Transcranial Magnetic Stimulation

Transcranial magnetic stimulatiorasdelivered during both sessioasthe
specified testing pointhowever measures of CSErgonly recorded duringhe second

sessionDuring the firstsession, RMwasdetermined to ensure the participaats
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responsive to TMSia hotspotting. Br session twoRMT was determined via

hotspotting andhenused to determine thetimulator intensityfor the S-R curves and
measurement of CSE. Stimulatiomsapplied through a 70 mm figuad-eight coll
(Magstim Double 70mm Alpha Coil) connected to a Magstim BiStragnetic

stimulator (Magstim, Whitland, UK). During stimulation, participantr@seated
comfortably on a chair in glightly reclined position, with the right arm placedam

armrest for comfortBrainsight 2 (Rogue Research Inc., Montreal, Canada)
neuronaigation wasused to guide the position and orientation of the coil over the target
motor region using a template MR template MRI is an anatomical MRI that is derived
from a population of 1Bneurologically healtyy, meant to ba nonbiasedrepresentabn

of the population.

Muscle Activity

Electromyography (EMGyasacquiredfrom thefirst dorsal interosseoy&DI)
muscleduring TMS. An upper limb muscle was chosen owing to the interest in the
generalized effects of AE on cortical excitability (i.e., exercise performed with the lower
limb impacting excitability of the representation of an upper limb muscle). Moreover,
recent liteature(Lulic et al., 2017b; A. E. Smith et al., 20149ed the FDI in
determination of CSE, thus obtaining these measures from the same muscle across
studies facilitates comparison of results. The EMG sigmaalaequired using self
adhering electrodes (1 x 3 cm;Tgace Gold; KendalLTP, USA) in a bipolar
configuration with a 1 cm intezlectrode distance, sampled at 1000Hz with a bandpass of
1-500 Hz (1902 and Power 1401; Cambridge Electronics Design, UK) and stored for

offline analysisElectrodes wereplaced on the FDI muscle belly, approximately one
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centimeteproximal (active electrode) and distal (reference electrodégto
metacarpophalangeal joint. To confirm the accuracy of the electrode placement, the
participant was asked to abduct their second digit, while the resepatpated the

musclebelly.

Co-reqistration and Localization of the Motor Hotspot

To configure the target position (in this study the representation of the FDI
muscle in M1), twaseorguistered tothe tpraplate BRI using thed
neuronavigation software and a Polaris optimal position sensor (Northern Digital Inc.,
Canada). Within the Polaris sensoetwo infrared cameragmitters,and associated
electrics which communicate with the BrainSight computer. There are-reftective
markergthatcapture movemnt via the Polaris optical sensor because they reflect idfrare
light emitted by the sensor. These trackersaffieed to the subject tracker, coil tracker
and pointer tool, highlighted iRigure12. These tools are of importance because they
calculate the position and orientation of the devices based on the information provided by
them in space. Prior to the TMS session, the participant was asked to wear the glasses
with the attached tracker, so thieead position could be monitored. -Gagistrationwas
achieved by aligning five anatomical landmarks on the participant (glabella, nasion, right
and left preauricular points and tip of nose) with the corresponding anatomical

landmarks orthetemplateMRI (MNI152_T1 1mm).
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Figurel2 TMS glasses and pointer for-oegistration

The muscle of interest targeted in the study was the FDI, where the left M1 was
targeted. The FDI was selected because obliésin studies utilizing TMS as the hand
representation within (Xbolsyyetialn b9@iSecarslly,t he fiha
given that participants were instructed to execute all exercise intervef@idnsand AE
intervention)with their hands relaxed at their sides, there is limited involvement and pre
activation of the muscle prior to the stimulation. In previous exercise studies where
inconsistencies regarding cortical responses were seen, the FDI was the selected muscle
highlighting potential variability across studi@sl-Sayes, Turco, et al., 2019; Lulic et al.,
2017a; McDonnell et al., 2013; A. E. Smith et al., 2014)

A 5 x 5 grid with 7.5mm spacingasoverlaid on the template brain with the mid
point (location 2, 2) centered on the estimated location of the FDI muscle representation
of the left primary motor cortex (M1) (Kleim et al., 2007). Stimulator owyagset to
40% and points on the grid stimulated starting from 2,2 (FigjByevith the coil

positioned tangentially to the scalp with the handle at a 45° angle to the posterior. To
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identify the motor hotspot of the right FDI muscle, we veatgutwards from the centre
point ofthe grid(2,2) in a counteclockwise manner to determine the location(s) that

produce the highest amplitude MEPs for 5 out of 10 stimulations.

Figurel3. Target grid for han#énob of FDI over M1.

Determining Resting Motor Threshold

Once the motor hotspataslocated, RMTwasdetermined. The RMWas
defined as the lowest stimulation intensity required to elicit a minimum MERtpeak
peak amplitude of 50¢&V, in the resting FDI
The RMT wasmeasured for each participant prior to the exercise session and used to
determine stimulator outputtensityin the subsequent TMS measufes., for the

second session)

4.3.2 Session Two

Exercise Intervention and Testing/Aerobic Exercise Protocol

TheAE interventionwasperformed on the same cycle ergomeiadl consistedf
a20min bout at 60% of the participantds PPO
exercise intensity and duratisrereconsistent with moderaiatensity AE prescribed

relative to PPO utilized in previous studies where modénstasity exercise was
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prescribed in relation to PP@ekari et al., 2015; Pinot & Grappe, 201Ak in session
one, HR vasmonitored throughout the intervention using the arm mounted Polar HR
monitor.

Participants perforeda 5min warmup at the beginning of the session to prepare
for exercise. The warrap involved cycling at a 50 W workload for-&hin; for the
remaining 3min the workload increagagradually to theparticipants predetermined
exercise intensitye.qg., if 60% of a participants PPO equates to\d5@ollowing a 2min
warmup at 50W the participant will gradually increase from B0to 150W over the
course of amin). Participants were allottedsamin cootdown period at the end of the
sesion to return HR back toearresting leved. Throughout the exercise session,
participants wreinstructed to rest their arms comfortably by their sides and not to grip
the handlebars. During the AE intervention, participants maegd#&i@% of their PPO.
Participants were instructed that if they were unable to maintain the 60% intensity, the
intensity could be lowered by MW decrements up to two times during the sessidre
workload wasmaintained electronically using the ergométspftware As above,
participantsmaintaired60% PPO fotheduration of the tequnless requested to
decrease as mentioned abow)d therefore the resistance (wattaga$adjusted
electronically to maintain their PPO. Participantr@mnstructedto maintain a cadence
of 60-80 RPM throughout thAE interventionto maintainanoptimal RPM for cycling

(Coast et al., 1986)

Transcranial Magnetic Stimulation
Transcranial magnetic stimulation in session was delivered ira similar

manner as session oftmwever during the second session a cugtoogrammed
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paradigmvia Signal (Signal v 6.0, Cambridge Electronics Design, Eiifjware was

used Singlepulse TMS measures were delivered throtighicustomprogrammed
paradigmwhich controlled the stimulator externally by setting the stimulator intensity
and subsequent timing of the TMS coil at the aforementioned timepoints (Pre, Post, and

Post10).

StimulusResponse Curve

After localization of the hotspot, and determination of the RMT, aAf&re
stimulusresponse (&) curve wa®btained An SR curve is a plot of MEP amplitude
over increasing TMS intensity. TheR5curve was created through the delivery of 50
single pulses of varying intensity over the motor hotspot; 10 single pulses were delivered
at each of the following stimulus intensit of 100%, 110%, 120%, 130%, and 140% of
RMT. These single pulses were delivered witlagable interval oB or 4-secong
between sccessive stimuliThe pulse intensity was randomized via Signal software
(Signal v 6.0, Cambridge Electronics Design, UK) which was also used to collect and
analyze the corresponding EMG dataedelivery of pulsesvasrandomizedo avoid an
anticipatory effect of participants knowing when a pulse would be delivered to avoid
preferential activation of the FDI musclehe peakio-peak MEP amplitude for each
stimulus was measured, and the average amplitude evoked by the 10 pulses at each
stimulus intensity \&s calculated. The averaged MEP amplitudes were then used to
generate an-R curve. SR curves were generated at the following timepoiats; Post
andPost10 minutes followinghe bout of AE.

The use of singkpulse measures only was established as the purpose of this study

was toexamine the relationship betwelactate concentratioandCSE. Thesimplest
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approach to this measunas to see if there is a single change (i.e., increase, decrease or
no change) following a bout of ABiven thevariability in previously conducted
literatureinvolving the effects of AE on CSE, we decided to use simglepulse

measures to assess if there is a change occurring in the brain following an increase in
blood lactate concentration. Secondly, given the time between ouexmrsise sessions
(10-min), we werdimited in time between testing points on including bothR &irve

and pairegpulse measures. Therefore, we made the decision to include onlyitgge

measures in conjunction with blood lactate measures.

Blood Lactate Concentration Measurements

A 20 uL sample of blood (like that required for regular blghatose testing
using a glucometer) was collected via fingjprand analyzed using a BioserLite
Lactate and Glucose Analyzer (EFK Diagnostics, Barleben, Gerrtmadgjermine the
concentration of lactate ions in the blood. Blood samplrecollectedat various
timepoints during the second session of the study inclutafgre Pre; resting value),
during AE at min 5 and min 15, enBast), and 16min after Post10) completion of the
20-min bout of AE At each time point, 3 bloosamplesvereobtained taallow for an
average measure of blood lactate concentration to be deteratieadh timgpointto
ensure accuracyAs a result, a total of 1&amples were obtaindde., 3samplesat 5
timepoints).

Each blood sample was obtained via the lateral aspect of the finger pads of the
distal digits on the left han@hearea was cleaned and sterilized using an alcohol swab.
The skin was punctured with a small disposable latg@CU-Chek SafeT Pro Plus

Blood Lancet23-gauge 1.8 mm depth) to obtain a blood sample. A gentle squeeze was
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applied around the puncture site to ensure that the drop of blood was large enough to fill
the capillary. The capillary tube was held at a slight angle (approximately 45 deg) using a
capillary holder, to ensure that the tube was filled with no air bubBlese the capillary

was full, it was placed into a pféled micro test tube. The lid of the test tube was closed
and then the inverted 10 times to ensure that the solution is homogemoxestly

Participants were provided with bandages as requi@deachsample a new disposable

lancet was usednd waglisposed of in the appropriate biohazardous waste container.

4.4  Data Analysis

4.4.1 Participant Demographics
Participant demographics were calculated via a Micrdsafeldocument
(Microsoft Corporation. (2018Microsoft Excel Retrieved from

https://office.microsoft.com/excdelDescriptive statistics were completed to determine

the mean, standard deviation (SD), and range of values for all participant

4.4.2 IPAQ Scores

The participants IPAQ scores were calculated using the appropriate IPAQ scoring
guidelines (sedppendixG) via a MicrosoftExceldocument. The scores were
determined by calculating the frequency and duration of physical activity for vigorous
intensity, moderaténtensity, and walking activities for each participant. The scores were
calculatel using an equation regrading METs associated with the intensity of activities
mentioneddescribed as MEminutes/week)Each participant was then scored as high
(>150 METS), moderate (>600 METS) or low (<300 METayardingtheir physical

activity.
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4.4.3 Lactate Data

The device required a calibration using standard solutions and quality control
materials to ensure that the device was reading accurately. Once caliiated,
homogenously mixed test tubes were placed in their intended position for the
commencement of the measurement. When all 15 samples were inputted into the device
the analysis process begandresults were displayed on the device and recorded by
hand.Lactate data was revieweshnually andvalues which were greater or less than 2
mmol/L when compared to the remaining vala¢s specific timepointere removed

from thesubsequerdnalysis.

4.4.4 EMG Data

Analysis of our MEP data was conducted in the same manner as work previously
conducted in the laboratory. A CFS fdentaining the EMG data from all timepoints and
obtained usingignalwas imported into RStudio (RStudio Team (20ERBtudio:
Integrated Development for RStudio, PBC, Boston, MA URL
http://lwww.rstudio.com/). Analysis of the EMG data (which contained the MEPS)
occurred in four automated steps. First, each trial was tridnin&200ms and included a
1000ms prepulse window. Second, trials vebaseline corrected by subtracting the
median value obtained from samples within that timepoint. Thildz®@e noise was
removed using a Discrete Fourier Transform filter. Fourth, the-fmep&ak amplitude of
the MEP was determined by selecting the region of the signal containing the MEP (10
50ms pospulse) and then finding the minimum and maximum peaksmihat
window. The difference between the minimum and maximum peaks was then

determined. As voluntarilgontraction in the target muscle priorthe delivery of the
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TMS pulse can alter MEP amplitutiee preTMS pulse EMG activity was examined to
ensure the absence of muscle activity during theptee periodBriefly, we determined

the root mean square amplitude of the EMG signal in the 500ms period prior to the TMS
pulse and compared it to the amplitude in the first 500ms. Trials in which tipeilsee

EMG amplitude exceeded 2 standard deviations of the5fd@&mns were removed from
analysis.

MEPs with low signato-noise ratio were also removed from analysis. Trials
where the amplitude of the MEP was smaller than the amplitude range (ni@xof the
1000 ms prelrMS pulse EMG window were flagged and removed automatically.
Similarly, MEPs withamplitudes <25 mV and with peak onsets that were less than a
plausible latency (< 15 ms pestilse) were also excludethe MEP dataverereviewed
manually to ensure the MEP petkpeak amplitudes were logical andepresented a
true MEP response.

The script determined the number of MEPs obtained at each stimulator intensity.
A minimum of 4/10 MEPs were required at each intensity and time point for it to be
included in further analysis (e.g., if only 2/10 MEPs were obtained at 100% RMT
intensity athe post timepoint, the participants data at that timepoint was removed). In
instances where data for specific intensities was removed due to having less than 4/10
MEPs, the datavereextrapolatedPrism 9.5.1}o fill the missing data points to create a
complete SR curve at each timepoiriExtrapolation occurs by extending the x values
beyond the range of data (typically equal to half the difference between Xmin and

Xmax). These valueserethen divided into 1000 line segmemasd the softwaraims to
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extrapolatevithin the range of the x value data points, and the extrapolation is

determined through the line segment to be as accurate as possible.

4.5  Statistical Analysis

Statistical analysis was completed in SPSS (IBM Corp. Released 2021. IBM
SPSS Statistics for Macintosh, Version 28.0. Armonk, NY: IBM Cdkmeries of one
way repeated measures ANOVAsgreconducted to assess chasigeblood lactate
concentration and CSE as a factor of time (Pre, Post, Post10). Change scores of blood
lactate and CSE data between timepoints were calculated and used in a linear regression
model to assess the relationship between blood lactate andDQ8iErs were removed

based on thboxplotsof CSE datat Pre, Post and Post10 timepoifsseAppendixJ).

45.1 CSE Data

ThreeS-R curves were generated for each particifgané for eactimepoiny.
Peakto-peak amplitude of thBIEPs included in the analysis were averafmdeach
intensity (i.e.> 4/10 trialsat 100% RMT were averaged to a single data poling.
average MEP amplitude was thglotted to create the-B curve.Area under the curve
(AUC) wascalculatedPrism 9.5.1)as AUCprovides a global estimate of CSfPeri et
al., 2017) A change score betwedime AUC values fronfPrePost, PrdPost10andPost
Postl0werecalculated for each participatat be used ithe statisticahnalysis. To
ensure that the dateerenormally distributed, a Shaphwilks test was conducted
(p>0.05) To asses#g CSE was altered as a result of the AE interventioeAUC
change scores were analyzedatieeway repeated measures ANOVA with the factor of
time (three levels: Pre, Post, PostMBa u ¢ h | y O6sphericigywat cofmpleted and if

violated, a Greenhouse Geisser correction was applied.
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4.5.2 Lactate Data

A change scor#or blood lactate concentratiovasfirst calculated between Rre
Post, PrePost10andPostPost10 for each participant. To assess the chartgeod
lactatevalues following moderatmtensity AE, a onavay repeated measures ANOVA
was completed with the factor of time (three levels: Pre, Post, PoBt@igrroni
adjustmentsverecompleted for post hoc comparisons where appropiatensure that

the data was normally distributed, a ShayWiks test was conducted (p>0.05).

4.5.3 Relationship BetweenCSE and Lactate

A linear regression was useddeterminethe relationship between blood lactate
concentration and CS#& 3 timepoints (Pr&ost, PrePost10, and Poflost10) Change
scores from excitability measures (AUC values) and blood lactate concentrations were

used Significance was denoteéldroughoutby an alpha value q#<0.05.
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CHAPTER 5:RESULTS

5.1 Participant Demographics

A total of 41 participants were recruited to participate in this study, hoveeayter
were deemed unresponsive to TEIEing the first sessioand thereforevereineligible
to participate in the subsequent sessibms participants requested to stdata
collectionduring the second sessidhreep ar t i ¢ i pvereincoinpleteddaect taa
technical issue with thequipmentoneparticipant experienced an adverse event during
the second sessipandthreeparticipants were removed during statistical analysis due
to being outliersAs a resultatotal of 24 participants (3 female) were includeth the
analysis The average age tieseparticipants was27° 2.7 years with an average
height and weight of@9.9 ° 11.0cm and 1.6° 15.9 kg. All participants had aody
mass index (BMIpf <30 (average 24.5 3.3). On average, participants completed the 2
sessionsvithin 4 ° 2 days.Each participant was scored based on their IPAQ results as
beingeither higtly (MET value > 3000 METSs) or moderat§ MET value < 3000 METS)
physically activewhere 7 participants were categorizedrnaderately physically active

Demographidatafor each participants provided in Table 4
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Table4. Participandemographis

Participant Height Weight IPA IPA
#p Sex: Age (crgl) (kg?) BMI Sco?e Categ%ry
POO1 F 21 155.0 56.8 23.6 15648 High
P002 F 25 152.0 65.0 28.1 2772 Moderate
P0O03 M 21 182.0 87.0 26.3 7890 High
P0O05 F 29 170.0 74.4 25.8 1716 Moderate
P0O06 M 23 183.0 89.0 26.6 7278 High
P0O07 F 25 163.0 61.5 23.1 8625 High
P0O08 M 22 162.0 66.4 25.3 4293 High
P0O09 F 24 166.0 54.0 19.6 4548 High
P010 F 28 158.0 68.0 27.2 7236 High
PO11 M 26 172.0 81.3 27.5 5706 High
P0O12 F 23 167.0 79.1 28.4 4266 High
P013 M 21 171.5 67.0 22.8 9570 High
P016 F 20 160.0 63.2 24.7 4434 High
P0O17 M 24 187.0 101.5 29.0 1520 Moderate
P019 M 24 184.0 87.5 25.8 3200 High
P021 F 23 168.0 58.9 20.9 5370 High
P022 F 24 174.0 68.9 22.8 2214 Moderate
P023 F 23 170.0 66.4 23.0 2373 Moderate
P024 F 19 152.0 37.7 16.3 928 Moderate
P026 M 25 165.0 65.5 23.0 5859 High
P027 M 24 182.0 72.8 22.0 3199 High
P029 M 21 187.5 100.0 28.4 3297 High
P030 F 23 164.0 53.4 19.9 3426 High
P034 M 30 183.0 96.4 28.7 1386 Moderate
5.2 Maximal Exercise Test

Of the 24participants severdid not reach 95% of agaredicted HR and one did

not reach theequiredRPE (.e., betweeri6-20). The remaining 1participantamet the

criteria for aGXT. A range of PPO values were obtaing&dgto 360 W)with the

average PP®eing236.2° 52.8 W. Details pertaining to the GXior individual

participants are shown Table5.
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Table5. Summary ofndividual GXT results

. 95% of
Time of HRMax age True
ID PPO (W) '_I'est (bpm) predicted Max RPE  GXT?
(min:sec) Y/N
max
PO01 198 8:58 203 183 19 Y
P002 210 9:00 196 180 19 Y
P0O03 238 9:37 193 183 20 Y
P0O05 206 8:20 197 178 18 Y
P0O06 337 12:49 176 182 19 N
P0O07 226 8:20 190 181 20 Y
P0O08 211 9:02 203 183 20 Y
P0O09 201 8:05 175 181 18 N
P0O10 236 9:43 175 179 16 N
PO11 360 17:00 183 180 20 Y
P012 221 8:55 167 182 18 N
P013 230 10:08 194 183 19 Y
P016 208 8:25 201 182 20 Y
P0O17 257 11:00 183 182 18 Y
P019 306 13:25 174 182 19 N
P021 215 8:43 181 182 19 Y
P022 237 9:46 181 181 17 Y
P023 203 8:10 178 182 20 N
P024 128 4:25 187 185 19 Y
P026 238 9:54 163 181 19 N
P027 318 13:42 185 181 19 Y
P029 293 12:40 189 183 19 Y
P030 216 8:48 189 182 20 Y
P034 176 7:45 177 177 20 Y

\l

Note: Agepredicted HR wadetermined using the following equation 206.®.6
age)by Tanaka et al., 2001.

X

5.3  Moderate-Intensity Exercise

Intensity of the AE session ranged fr@mhW to 216 W with theaveragdPPO for
themoderatentensity AEbeing141.8° 31.7 W. Participant RPE scores ranged from 10
19 during the session. During AtBreeparticipants were unable to maintain the

prescribed AE intensity and requested that the intensity be decréhsemlierage HR for
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participants during moderatstensity AE was 160 bpm and ranged from 138 to 179
bpm.Table6 reports individual participant datalated to the moderatetensityAE
intervention

Table6. Summary of moderat@tensity AE resultgor each participant.

Participant 60% PPO  Days since sessior  Average HR RPE
# (W) 1 (bpm) range
POO1 119 3 172 1315
P002 126 2 174 1317
P0O03 143 2 158 1316
PO05 124 2 161 1314
P0O06 202 8 158 1317
POO7 136 6 167 1317
P0O08 127 1 172 12-19
P0O09 121 2 153 12-14
P010 142 6 153 11-13
PO11 216 5 163 11-13
P012 133 3 138 11-14
P013 138 2 177 1315
PO16 125 6 164 14-16
PO17 154 2 179 14-16
P0O19 184 2 147 12-17
P021 129 6 157 12-15
P022 142 6 157 11-18
P023 122 I 156 12-15
PO2& 77 3 170 1517
P026 143 2 148 1319
P027 191 6 156 1317
P029 176 7 166 11-17
P0O30 130 6 160 10-18
P034 104 5 146 14-18

Note:* indicatesparticipantsvho requested decrease imtensity.

54 Lactate

5.4.1 Descriptive Lactate Statistics
The averagélood lactate concentration ranged fromi6-3.27 mmol/L, 0.92
6.06 mmol/Land0.89-3.47 mmol/Lfor the Pre, Post, and Post10 timepqints

respectively. The average blood lactate concentration prior to exercise Wa3.1.5
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mmol/L (Pre), 5min into theexercise it was 3.9 1.1 mmol/L, and 15min into exercise
it was 4.1° 1.3mmol/L. Postexercise values were 3:0L.2 mmol/L (Post) and 2.0 0.9
mmol/L (Post10). Individual participant data related to blood lactate concentration is
reported in &ble7.

Table7. Averageblood lactate concentration at each timepfoneach participant.

During AE
ID Pre 5min 15-min Post Postl10

POO1 0.97 5.32 571 512 290
PO02 1.37 241 298 456 3.30
POO3 1.00 3.42 399 241 148
POO5 1.32 313 289 126 0.91
POO6 1.79 5.74 522 333 247
PO07 2.18 3.76 4.30 3.74 224
PO0O8 0.82 3.78 423 251 1.52
PO09 2.80 2.16 212 337 1.13
PO10 2.79 3.55 4.67 255 1.46
PO11 1.00 342 399 241 148
P012 0.99 3.67 3.78 256 145
PO13 1.83 401 267 092 0.93
PO16 243 433 592 152 0.93
PO17 095 281 273 1.02 0.89
PO19 144 526 845 6.06 3.47
P021 0.76 4.42 474 288 2.73
P022 1.28 394 425 384 2.07
P023 124 492 523 3.68 1.84
P0O24 1.11 382 289 206 248
PO26 0.82 322 348 236 1.64
P027 151 475 401 333 284
P029 3.27 6.84 4.84 3.27 3.08
PO30 1.28 3.00 4.27 277 3.23
PO34 133 344 402 393 134

5.4.2 Change inLactate Across Time
Figure14 provides the average blood lactate concentration from all participants at

eachtime point(N=24F ol | owi ng anal ysi s bleodkmcta,e Shapiro
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concentratiorvalues were determined not to l@rmaly distributed(Pre p=0.00525],

Post p=0.571], and Post1(®[E0.0577). A log transformation wasubsequently

applied,and reanalysis determined the dat@renormally distributeqPre p =0.0618],

Post p=0.109], and Post1(p[EF0.0867).Mauc hl yés test for spheri
assumption was violatgd? (2) = 11.536p < 0.05 and aGreenhousé&eissercorrection
appliedestimates of sphericiffy = )OReSults®f the onway repeated measures
ANOVA showed themaineffect of time (PrePost, PrePost10, and Poftost10) was
significant(F(1.420, 32.669) = 19.75p,< 0 . 6=00462. Pgsthoc comparison
(Bonferroni adjusted) indicated that the mean score for blood lactate concentration at Pre
values (M = 1.478, SD = 0.681) waignificantly different than Post (Post (M= 2.959,

SD =1.213). However, blood lactate values from Po@£1.993 SD = 0.850) did not

significantly differ from the Pre values.

BL Concentration (mmol/L)

Pre Post I’-:ét![l
Time

Figurel4. Averageblood lactateconcentration at Pre, Post and Post10
Error bars denote SD.
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The histogram in Figure 15 highlights the range of blood lactate concentration
observed across participanasidmore specifically the frequenaeyith which certain
blood lactateeoncentratiorvalueswereobserved within the samplat Pre, 16
participants had a blood lactate concentration between 0.5 and 1.5 mmol/L. At Post,
blood lactate concentration ranged from 2.0 to 4.0 mmol/L. Only 3 participants had a
blood lactate concentration greater than 4.0 mmol/L following AE. At Bobttod

lactate concendition values ranged from 0.5 to 3.5 mmol/L.

Frequency (# of Participants)
4
1

I T T I T I 1
0.5 1.0 15 20 25 3.0 35

BL at Pre (mmol/L)

Frequency (# of Participants)

BL at Post (mmol/L)

Frequency (# of Participants)
1

I T T T T T 1
0.5 1.0 15 2.0 25 3.0 35

BL at Post10 (mmol/L)

Figurel5. Frequency of blood lactate concentration at Pre, Post, and Post10

Note: Where Pre (blue), Post (red), Post10 (green)bBlod lactateThe xaxis denotes
therangeof blood lactate valueBL) and the yaxis is thenumberof participantswithin
eachrange.
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5.5 CSEAnalysis

5.5.1 Descriptive CSE Statistics

The AUC datawverenotnormaly distributed as per th&hapiro Willd s (Pre s t
[p=0.0156], Postyg =0.00296], and Post1{ F0.00179]) Therefore, a log transformation
was applied to normalize the datend followup testing confirmed a normal distribution
(Pre p=0.914], Postp =0.199], and Post1®[F0.127]).Detailed AUC data for each
participantareshown in Bble8, whileTable9r e por t s pAlQC valuesfor paehn t 6 s

timepoint
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Table8. Average of MEP amjiitude at eachstimulatorintensity for each participant

100 110 120 130 140

Pre Post P%Stl Pre Post POOStl Pre Post P%Stl Pre Post P%Stl Pre Post P%Stl

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean
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Table9. Average AUC values at Pre, Post and Post10 for each participant

ID Pre Post Post10
PO0O1 4195 3472 3590
P0O02 2422 9153 9462
PO03 8262 7638 6487
PO05 7104 5900 5995
P0O06 4746 5630 5880
POO7 8459 8445 8262
POOS8 5546 4062 3713
P0O09 11262 7481 7862
PO10 12996 8363 7926
PO11 11793 6967 8052
P0O12 2813 3808 3864
P0O13 13761 9757 10293
PO16 26212 20472 21872
P0O17 5914 12656 12750
P0O19 26001 25141 26558
P0O21 18082 17961 20279
P022 6789 3979 4706
P023 5946 4852 5481
P024 16721 21768 21891
P026 9936 14533 14061
P0O27 8404 3370 3938
P029 12261 8653 9807
P0O30 16735 17673 18470
P034 4747 4583 3894

5.5.2 Change in CSEAcross Time

Ma u ¢ h | yedesledhesasstimption of sphericity was viola(ed(2) =
49.302,p < 0.00]) anda Greenhous&eissercorrectionappliedestimateof sphericity(U
=0.528. The repeated measures amay ANOVA revealed theffect of time (PrePost,
PrePost10, and Poftost10) was not significa(f(1.056, 24.292) = 0.36p,=0 . 565 ,

=0.015. Figure B shows the SR curve obtained at each timepoint.
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Figurel6. S-R curve at for eactimepoint.
This plot depicts the-R curve obtained at Pre (blue), Post (red), and Post10 (green) by
calculating the average MEP obtained at each intensity (100, 110, 120, 130, 140%
respectively)

Figure 17 highlights the range of AUC values obtained across particgiahts
Pre, Post, and Post10 timepoir8pecifically, the figure includes the frequency of
participantswithin a range oAUC values. At Pre, 8 participants AUC value fell between

5000 and 10 000 (a.udt Post, 10 participants AUC values ranged from 5000 to 10 000

(a.u.) and & Post10, 10 participants AUC values ranged from 5000 to 10 000 (a.u.).
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Figurel?. Frequency of AUC values at Pre, Post, and Post10

Note: where Pre (blue), Post (red), and Post10 (green). AUC refers to area under the
curve, and a.u., indicates arbitrary unitee xaxis denotes rangeSE valuegAUC) and
the yaxis is the frequency of participants who experiencggeaific range of CSE.

5.6  Relationship Between Blood. actate Concentration and CSE

The relationship between blood lactate concentration and CSE was assessed
through a simple linear regressidie model included the change scores of blood lactate
concentration fronPrePost, PrePost10 and Poftost10as predictors of thehange in
CSEbetweerthe same time poin{gxpressed as change in AUC valud@$)e appropriate
assumptions were met prior to execution of the analysis by determining the linearity of

the data, removing outliers, assuming independence of observations, assuming
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homoscedasticity, and if the residual ernmege rormally distributed, using Shap#o

Wilks test Theplotsassociateavith each are included idppendixH, | and J
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Figurel8. Linear regression modef blood lactate and CSE
This figure depicts the results of a chanDgif blood lactate concentration (BL) plotted
against a chang®) in CSE. For A) PrePost AE; B) PrédPost10 AE; and C) Post
Post10. Note the-gxis represents the change in AUC in arbitrary units (a.u.) and the x
axis represents the change in blood lactate concentration in mmol/L.

Figure 18 (A) shows the relationship between change in lactate concentration and
CSE (AUC values) fronPre-Postexercise. e fitted regression model was: CSE =
54.99+ -379.0%(change irBL concentratiohand he overalimodelwas not statistically
significant(R? = 0.02184, F(1, 22) = 0.4918= 0.4907. Figure18 (B) showsthe
relationship between change in lactate concentration and CSE (AUC value®r&aom
Post10 The regression model w&SE =-19.51+ -448.6%(change irBL concentration)
and theoverallmodelwas not statistically significant {R 0.02121 F(1, 22) = 0.4763,

= 0.497). Finally, Figurel8 (C) depictgelationship betweeahange in lactate
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concentration and CSE (AUC values) fr&tostto Post10. The fitted regression model
was: CSE = 492.F 131.5¢(change irBL concentrationand theoverallmodelwas not
statistically significant (R= 0.02163 F(1, 22) = 0.486g = 0.4993. Overall, the

regression modskhowed no relationship between change in blood lactate concentration
and chang@&n CSE betweemny of thetimepoints following a moderatatensity AE

intervention.
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CHAPTER 6:Discussion

6.1 General Results

The current evidence suggests that AE may play a faciliatory role in enhancing
CSE inhealthy participanthhowever the mechanisms underlying this effect continue to
be exploredFrom the work performed to date it is clear theneaigability in the
response to AE across patrticipants and studiesinderstand how AE may influence
CSE, it is important to understand the mechanisms of AE and how it changes the
concentration of metabolites in the bodyfumn alteringexcitability. By exploring the
role of blood lactate concentration on CSE, we were able assess if lactate is involved in
alteing CSE.In randomly sampling participantge aimed to have a range of fitness
levels and thus a range of responses in relation to lactate concentratiore(sespected
thatsomeparticipants would be exercising at intensitiesvhich lactate would
accumulate and others may paohus allowing us to assess whether lactate is a factor in
altering CSE and possibproviding further explanation for the variability seen in
previous literature.

We suspected that following a sinddeut of moderaténtensity AE participants
would experience an increase in CSE assessed via euBre (expressed as an upward
shift of the SR curve from Prd?ost and PHost10). Our results do not support our
hypothreds and indicate that there is no relationship between blood lactate concentration
and CSE. Further, as no significant change in CSE was observed across timepoints our
results do not support our secondary research question. Our findings relateddo lactat
concentration oppose that of work previously conducted in this field of research; the

potential reasoning for these findings is discussed in the following sections.
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Previous work has highlighted changes in CSE following a bout of moéderate
intensity AE(Baltar et al., 2018; EBayes, Harasym, et al., 2019; Garnier et al., 2017;
Lulic et al., 2017a; MacDonald et al., 201@wever, metabolic bproducts of exercise
have not been assessed in these studies. Understanding how metapadiduays such
as blood lactate accumulate during AE could be useful in determining underlying
mechanisms associated with changes in CSBviillg AE and could help to provide
specific reasoning for variability we see among participantin theprevious literature
The previous work examining the effects of a change in blood lactate concentration on
CSE included exercise interventions thargvexhaustive in natu(€oco et al., 2010a)
showing that in the presence of increased blood lactate concentration, CSE is increased
(while in other instances, no change in CSE was obserVed)ur knowledge, blood
lactate concentration has not been assessed as a potential factor contributing to changes in
CSE during bouts of steagyate moderatatensity AE. This is despite the previously
mentioned evidence supporting modetiatensity A6 s r ol e i n increasin
Therefore, this study sought to examine the effects of altered blood lactagetcation
following a single bout of moderatetensity AE and its relationship with CSE.
Secondly, the study sought to determine if modera@nsity AE in general increased
CSE. Our hypothés suggestthat with an increase in blood lactate concentration an
increase in CSE (i.e., from PRost and PHost10) would be seewhile in some
instances CSE may remain unchanged due to lower levels of lactate concentration in the
blood.

There wasnorelationship betwee@SEand anAE-inducedalterationin blood

lactate concentratiohe lack of a relationship between lactate concentration in the
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blood and CSE suggests that lactate may not be involved in driving changes in
excitability as seen in the prior literature, and that there are other potential mechanisms
that could be influencing those changes. Some potential mechanisms for driving these
cortical changes have been explored ®ygh & Staines, 2015yho report that

alterations in CSE may be occurring due to changes in cerebral blood flpaltanet

levels of neurotransmitters, stress hormones, and alterations in BDNF.

6.2 Does aRelationship BetweenCSE andBlood Lactate Exist?

The primary question explored in this study was the relationship between blood
lactate concentration and CSE. Our results did not show significance and indicate that the
null hypothesisvasaccepted (Figur&8). Previous literature has showariability
among resultsvheran the presence of increased blood lactate concentration, CSE tends
to increasewhile in other instances changes in CSE are not(€&mo et al., 2010a,

2014; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 2008} resultsshow
variability amongst participants exists, similar to what has been shaWweliterature to
date.One noteworthy discrepancy between the current study and the previous work
completed in this field is the type of exercise intervention used. The literature exploring
the effects of AE on the brain typically has used stesddie moderatatensity exer@e

as an intervention. However, in exercise studies examining the impact of blood lactate
concentration on CSE, exhaustive exercise intdéiwes have been usé@oco et al.,

2010a, 2014; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 20b@) use of
exhaustive exercise allows for a greater accumulation of lactate in the blood, whereas
with moderatentensity AE, the accumulation of lactate may vamyunderstanding that

moderateintensity AE may modulate CSE, a modesaiensity AE intervention was
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selected for the current study as we wanted to determine if blood lactate is potentially a
driving factor involved in the CSE alterations observed in previous literature.

In Coco et al.(2010, an exhaustive exercise intervention was used to increase
blood lactate concentration. As a result, the participants experienced increases in blood
lactate concentration up to 11.56 mmol/L from-posst interventiofCoco et al., 2010a)
TheBL increaseaeported byCoco et al.(20103 was considerably larger than that of the
current study, wherein participants blood lactate concentration increased to an average of
4.1 mmol/L during exercise, and 3.08 mmol/L immediately after the exercise
intervention.lt is unlikely to have lactate concentration increase exponentially during
moderateintensity AE. We expected our participants to come from a diverse background
of training experience, meaning that their physiological response to moeddexisity
AE would be variable across participaniisis possible that a 2thin bout of moderate
intensity AEwas not enough to produce a change in blood lactate concentration that
could alter CSHEn some participants, while inducingiaein others due to exercising at
an intensity at, or higher than their lactate threshold.

Notably, within(Coco et al., 2010aparticipants were also injected with an
intravenous dose of a lactate solutismich increased theoncentratiorof lactate in
their blood to 2.65 mmol/L immediately post infusion, aedcteda peak (average)
value of 4.45 mmol/L 8nin following the infusion. Despite the low concentration of
blood lactate following the infusion, the study showed that with increases in blood lactate
concentration, motor threshold values decreased (indicatimgi@ase in CSE)t is
worth noting that an intravenous @osf lactate is not synonymous with accumulation of

lactate in the blood observed duriagexercise interventiarmhese findings are of course
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contradictory to those of the present work, as even with low concentrations of blood
lactate no change in CSE was observed. Our current findings suggest that there is little to
no relationship between blood lactate concentration and CSE and using AE.

There are a multitude of reasons for why blood lactate concentration may not
influence CSE. In the current study, participants completed a maximal exercise test to
determine their PPO, however no measurement of lactate concentration was obtained at
this time as lactate was only collected during the second session. Given that AE is
primarily completed through aerobic energy systems, it is likely that some participants
were not accumulating lactate in the same capacity as they would during exhaustive
exerci®, which further explains the low blood lactate concentration observed in our study
in other wordspur study lacked participantsha werelessaerobicallyfit. It is likely
that depending on how aerobic or anaerobically tramacparticipantsvere, he
accumulation of lactate in the blood vari&iven this,some participantsould have
been exercising below their lactate threshold, regyiih little to no accumulation in
lactate, whereas individuals who are less aerobically fit, may rely more heavily on other
energy systems and as a result, may accumulate more blood lactate in theirciskem.

7 highlights the average blood lactate concentration at each timémodaich

participant At 15-min into AE, 14 participantsad ablood lactate concentratidghatwas

> 4.0 mmol/L,andimmediatelyat thecessation of AE (Post), 3 participants blood lactate
concentration remaineadaund4.0 mmol/L By 10-min post AE (Post1Qll participants
blood lactate concentratidradreturned to resting levels. There is potential that given the
time between the cessation of exercise and the Post testing, participants blood lactate

levels began to return to resting leviélsough metabolic prasses prior to the delivery

88



of the singlepulse TMS measures. As a result, we were unable to capture the true lactate
values following AE.

As previously discussed, Lulic and colleagues (2017) found that participants who
selfreported as more physically active experiencedei@mses ilCSE compared to those
who selfreported as less physically actit®owever, one caveat to Lulic et gR017)is
that the physically active group was not further separated into type of activity (i.e., runner
vs. weightlifter) which would ultimately affect the quantity of blood lactate a participate
would accumulateThough, based on understanding how bloodatacaiccumulates in the
body (i.e., through anaerobic work) participants who reported themselves as less
physically active would likely accumulate more lactate than those who are more
physically active. The participants who reported themselves in the gsically active
category did not experience changes in ABterestingly, previous work from our
laboratory has shown that aerobic fithess (assess&siaay) is not a predictor in CSE
(MacDonald et al., 2019)vhich supports the idea that individual variabilityregard to
the percentage @nergy systeswusdl (i.e., the ratio between aerobic arherobic
energy systems during AE) asbould be considereghen questioning the effects of AE
on CSEand is discussed in more detail in subsequent sections.

Given that blood lactate concentration does not appear to be directly involved in
increasing CSE, it poses the questisrtowhat mechanism is underlying the change in
CSE resulting from a bout of AEirstly, we question if the relationship between lactate
and CSE is linear, or whether itnsnlinearin nature. Given that we did not see a
relationship that was linear, we question if these is an optimal concentration of lactate

that may be involved in driving changes in CSE. To our knowledgethera nonlinear
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relationship between lactate and CS#stshas yet to be examined. Secondiyeeging
evidence suggests that other metabolites or trophic factors may be driving changes in
CSE. For instance, BDNF can enhance neuroplasticity through various means including
synaptogenesis, neurogenesis, and-temgn potentiatiorfMuller et al., 2020)Physical
activity and exercisareassociated witlan upregulation dBDNF. These changes have
been seen following acute, and long term participation in exercise and like lactate, an
increase in the concentration of BDNF is dependent on the duration and intensity of the
exercisgMdller et al., 2020) Though not fully understood, it is hypothesized that BDNF
may interact with lactate through increased NMDA receptor ac{iMtyler et al., 2020;
Yang et al., 2014bBased on the results of the current study, increased lactate
concentration may not be the linking step between AE and increasedh@&tver its
potential interaction with BDNF may indirectly drive changes in plasticity. Therefore,
future studies should examine the interaction between lactate and BDNF during AE, and

if there is a parallel in relation to CSE.

6.3 Blood Lactateand CSEFollowing Moderate-Intensity AE

Our results indicate that a significant change in blood lactate concentration was
observed froniPre-Post exercisandbetween the two posixercise timepoints. This
finding suggests that, at least at the group level, the participants in the study did
experience a significant increase in blood lactate concentration following the AE
intervention. On average, participantsda lactate concentration at baseline (Pre) was
1.5° 0.7 mmol/L, increasing to 3.01.2 mmol/L immediately following AE, with a
decreasé¢o 2.0° 0.9 mmol/L at the 10nin mark following AE. These results suggest

that, at least on average, lactate was accumulating in the blood during AE, however it was
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at a concentration below what would be expected if our participants were surpassing their
lactate threshold, whidis likely to occur when blood lactate concentration exceeds 4.0
mmol/L. Given the variability in lactate concentration values among our participants
however, it is likely that some had surpassed their lactate threshold, while others were
below it. Individuals who appe#o be exercising at an intensity above their lactate
threshold support the idea that blood lactate concentration can inicreagards to time
despite no change in work rgientley et al., 2001; E. W. Smith et al., 1998¢spite a
statistically significant increase in blood lactate following AE, it is possible that the
increase was not substantial enough for all particgtartruly induce changes in the

brain on a chemical level, further denoting the Helividual variability found within

the current study. Regardless, even in participants who accumulated lactate at a greater
intensity than others, no change in CSE waseoved.

Despite our efforts to obtain a sample that included participants with varying
levels of aerobic fitness, it is likelymost ofour participants were not exercising at an
intensityor durationwhere lactate accumulatethd suggests that our participaassa
groupwere more aerobically fthan anticipatedwithin our dataset only oneparticipant
experienced a change in lactate concentrajieater than 4 mmol/L from Prto Post
exercise Figure D highlightsthechange in blood lactate concentration from Pre to Post
and the frequency these changes occurred across participailesthere is spread in the
data related to change in blood lactate concentration, the highest frequency of change was
found in the 33 mmolrange, which is considered below the concentration to be

considered exceeding LT.
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Frequency (# of Participants)
4
|

Change in Blood Lactate from Pre to Post (mmol/L)

Figure19. The frequency of thehange in blood lactate concentration from PRost
Note: The xaxis denotes range in blood lactate scoresnml/L and the yaxis is the
frequency of participants who experienced a change in blood lactate.

Similarly, we experienced a spread of participants regarding changes in CSE from
Pre to Post timepoint&igure20 shows the change in CSE and the frequency of
participants to experience these changes across participants. As observed iatsigure

participants experienced a decrease in CSE following a bout of moddeatsity AE

with only 7 participants experieimg an increase in CSE.
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Figure20. The frequency of the change@SEfrom Prei Post.
Note The xaxis denotes rangeSE valuefAUC) and the yaxis is the frequency of
participants who experienced a chang€ESE.

It is expectedhat individuals who are aerobically trained would have higher
lactate thresholds compared to individuals who are less aerobically trained. For instance,
a more aerobically trained individual would not accumulate lactate at the same rate as
someone who ikss aerobically trained. A primary finding frqiculic et al., 2017a)
indicated that individuals who reported higher physical activity (in METs per the IPAQ)
experienced an increase in CSE following en#ii bout of moderatentensity AE, while
those reported as having low levels of physical activity reported no chanQ8&inThis
finding is contradictory to oua priori hypothesis that an increase in blood lactate
concentration would result in increased CSE, as the findings of Lulic indicate it is those
who are less likely to accumulate lactate who showed an increa&Ei®OGe caveat to
Lulic et al., (2017) was theuse of the IPAQor determining physical activity level. The

IPAQ only quantifies the amount of physical activity participaatsipleted in the last 7

daysand fails to quantify the types of activities, such as aerobic vs. anaerobic activities.
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As detailed above, priavork from our laboratoryconsiderederobic fithesn
relation tothe effect of AE on CSHinding that fithess leveM®2may Was not a predictor
of change in CSEMacDonald et al., 2019This result is somewhat contradictory to that
of Lulic et. al.,(2017a)and led to theuestionof whether there is individual variability
that may contribute to the changes in CSE across studies examining the effects of AE on
CSE. Certainly these findings coupled with those of the present work beg the question as
to whether lactate is truly involved increasing CSE as previously shown in the
literature(Coco et al., 2020Q)r if there are other factors that could be driving these

changes

6.4  Exploring a Change in CSE following AE
We sought to explore if moderatgensity AE causga global increase in CSE
however per our resulteio change in CSE was observed (Figuge Previous literature
primarily supports the use of moderatéensity AE for increasing CSE, however
betweenstudy variability exists. Our study indicates that there is variability in the
response to AE between our participants. In some instancesipaantscexperienced an
increase in CSE following exercise, while other participants experienced decreases in
CSE.As a result, our data showed no significant findings regarding CSE following AE.
In studies using similar exercise protocols to that used here, increases in CSE
were observedLulic et al., 2017a; MacDonald et al., 201Bpwever irothers no
change was document@dcDonnell et al., 2013; Neva et al., 201If) work completed
by McDonnell et al.{2013) no change in CSE was observed following bouts of,low

moderate, and vigorousntensity AE. SimilarlyNeva et al.(2017)found that following
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a 20min bout of moderatentensity cycling, no change in MEP amplitude curves was
observed, suggesting that no change in CSE occurred following the exercise intervention.
As mentioned, studies with similar AE protocols to ours experienced increases in
CSE. For exampldEl-Sayes, Turco, et al., 2018%amined the effects of sex hormones
on CSE. Participants completed arath bout of moderatetensity AE (6570% of
HRmax), and MEP recruitment curves-g5curves) were used prior to exercise and 10
min following the cessation of exercise. The results of the study indicate that moderate
intensity AE increased CSE following exercise. Blood samples were obtained during
baselire testing to determine sex hormone and BDNF (plasma and serum) concentrations
(El-Sayes, Turco, et al., 2019Hs no differences in the response to AE were detected
based on sex hormone concentrations (estradiol, progesterone, and testosterone) or BDNF
concentration at baseline, neither appear
AE. Given that BDNHevels were not measured following exercise, it is difficult to know
if BDNF played a mediating role in increasing C&ESayes, Turco, et al., 201%iven
that the current literature hypothesizes that BDNF is involved in processes related to
increasing CSE, future work could focus on this area of gtddyler et al., 2020)
In some instances, intracortical netwo(ks., excitatory/inhibitorychanges
which could manifest as changes in C8ye examinedsingpairedpulse TMS(i.e.,
SICI, LICI, ICF) rather than single pulse measures (iR, &rve). Measures of SICI,
LICI and ICF allow for exploration of inhibitory and excitatory intracortical networks
within M1. Singlepulse measures are typically used to assess cortical reactivity (i.e., how
the cortex responds to stimuli) while paikeadlse measures examitiee inhibition and

facilitation of intracortical networks (i.e., receptor activiffhoughthe current study did
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not examine intracortical networks, it is possible tre&tngesn inhibitory and excitatory
mechanisms could exist following moderateensity AE. For examplé€Singh et al.,
2014)followed a similar exercise protocol (@®% of HRnaxfor 20-min of stationary
cycling) and measured singlend pairegpulse TMS immediately following the AE
intervention and then 3Min after. The results showed that change-R &irve data
werenot significant between timepoints (FPestl, and PostRost?2), like the results of
the present work. However, Singh et al., (2014)sdmlv that SICI decreased
significantly from prepost exercise while ICF showed a significant increase from pre
post exerciselhe singlepulse TMS measures do not support a change in CSE, however
a decrease in SICl is indicative of a change in intracortical network actiityse
results indicate thaAE does not always manifest as a direct change in G&kever can
cause a&hange inntracorticalnetworksthrough alteration of receptor activity in the
brainsignifying thatexercise can be used to modulate neurotransmigSingh et al.,
2014)

Neurotransmitter concentration varies during acute bouts of exercise. In studies
examining the effects of varying levels of dopamine, serotonin, norepinephrine, and
blood lactate on CSE increases in M1 excitability have been obgdteed et al.,

2013) To this end, Singhamdo | | e fandingweirdigate that the effects of AE

modulate inhibitory processes at the level of the synapse given that SICI assesses GABA
receptor activity. Specifically, with AE it is thought that GABPeceptor activity

becomes downregulated, reducing the ability for GABA to bind thus reducing inhibition

of the postsynaptic neuron. Reducing inhibition in this manner effectively increases the

excitability of the neuron, movinigs resting membrane potential closer to the thoksh
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for depolarization. As for ICF, it is suspected to be modulated through the
neurotransmitter glutamate, the primary excitatory neurotransmitter. It is thought that
increases in ICF are due to increases in glutamate activity following/agg et al.,

2016) Accordingly, upregulation of glutamate by AE results in a more excitable neuron
and ultimately creates an environment that is most conducive for motor learning. In the
case of our study, we chose to examine single pulse measures of TMS to assess cortical
activity to see if exercise had a broad effect on the brain excitability. As our results show,
no change in CSE was observed across the timepoints. Based on previous evidence, it
may well be that AE impacted on cortical activity (at the synaptic level}laat these
changes did not manifest as increased CSE, like that of the results of Singh and
colleagues. This finding indicates that the inclusion of paired pulse measures is vital for

future studies.

6.5 Limitations

There are several limitations that need to be considered when interpreting the
findings of this study. Firstly, thearticipants in the study completed a GXT through
which PPO was determined; however, given ¥@bmaxtesting is the gold standard of
exercise testing, it would have been beneficial to deter@saxto ascertain
participants aerobic fitness level as this could have been used as a covariate in the
analysisGiven that the premise of our study washow individual variability following
AE, we did not determine their fitness levetther we anticipated recruiting participants
with a wide range of fitess levels.tiwould have been beneficial to know how their
fitness level is related to their blood lactate concentration during exercise, and as a result

could have provided more information about the variability seen across the data.
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Secondly, we measured blood lactate concentration at various timepoints during
our experimental protoctlutdid not determine participants lactate threshold. As a result
we were unable to determine if participants were truly exercising below,adpeetheir
lactate threshold. Determining lactate threshold could have been performed during
V©omaxtesting, which for reasons related to feasibility we were unable to perarm.
above, through a random sample of individuals we anticipatsdng levels of aerobic
fitness. Given that our participants exercised at 60% of their PPO rather than a percentage
of their HR, we expected some individuals to be exercising at, above, or below their
lactate threshold. However, given that we did notsuealactate thresholdew c an 6t
know for certain where our participants were exercising in relation to their lactate
threshold.

Lastly, we randomly sampled from a university aged population, and it is likely
thatall theparticipants were more aerobically trained than we had anticipated. As a
result, many of our participants did not appear to be exercising at an intensity higher than
their suspected lactate threshold. As a result, these participants were not accumulating
lactate to a greaixtent. A caveat to conducting research involving physical activity is
that individuals who selfefer tend to already be physically actiltas likely that we did
not recruit enough participants who considered themsaues untrained given the

nature of completing an exercise study.

6.6 Future Directions
It is vital that future work include assessment of aerobic fitneSé®jaaxtesting
and inturn determination of lactate threshold. It would also be worthwhile to include the

measurement of trophic factors, including BDNF, to explore the role their upregulation
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following AE plays in increasing CSH would be worthwhile to have participants

complete AE at varying intensities relative to their individual lactate threshold to
determine if there is relationship between lactate accumulatio@8&dSecondly, other

serum blood factors, such as BDNF should be analyzed given the recent evidence of their
benefit in facilitating brain excitability and their role in neurorehabilitat®pecifically,

if BDNF and lactate interact to facilitate changes in plasti€ityureresearch in this area
should focus on including lactate threshold testing, and AE interventions at intensities
above, below and at each participants threshalstly, given that in studies where

increases in CSE were not seen with single pulse TMS measuresi.eurge), but

with pairedpulse (i.e., SICI, LICI, and ICF) it would be of benefit to include these as

post measures following AE interventions mayforward.

6.7  Conclusion

While there is clear evidence that a bout of AE can result in increased CSE, the
exact mechanisms through which this increase occur remains largely unknown. Exploring
the effects of exercise gyroducts is one means of unraveling the mechanisms that may
contribute to these alterations. Although prior work has shown lactate to be directly
related to an increase in CSE, the present findings exploring the same following a bout of
moderateintensity AE do not, as the results indicate no relationship existeept@SE
and blood lactate concentration. Though the results of our study were not significant, they
have highlighted further gaps in the literature that once answered and help to create

environments that are most beneficial for supporting neuroplastiatyr@tor learning
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Introduction

You have been invited to take part in a research study. A research study is a way of
gathering information on a treatment, procedure, or medical device or to answer a
guestion about something that is not well understood. Taking part in this study is
voluntary. It is up to you to decide whether to be in the study or not. Before you decide,
you need to understand what the study is for, what risks you might take and what benefits
you might receive. This consent form explains the study.

Pl ease read this carefully. Take as much
understand or requires further explanation. After you have read it, please ask questions
about anything that is not clear.

The researchers will:

Discuss the study with you

Answer your questions

Keep confidential any information which could identify you personally

Be available during the study to deal with problems and answer questions

=A =4 =4 =4

You are being asked to take part in this study because you replied to our advertisement,
you meet the study requirements, and you are free of any brain injury or disease and meet
the inclusion criteria for the study.

Purpose and Outlineof the Research Study
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We learn new skills by practicing them over, and over again. This repetitive practice
allowsconnections in our brain to strengthen, which is the basis for learning. Exercise
has been shown to alter the strength of connections in our brain by increasing how
excitable the brain is. When we exercise metaboliproglucts such as, lactate can
accumuht e owp®buinl dur body. What we dondét unc
moderatentensity aerobic exercise (AE) may mediate brain excitability. Therefore, we
want to explore the potential role of blood lactate concentration and AE and if it is a link
between brain excitability.

The information gathered in this study will tell us about how exercise and lactate affect
the brain, and ultimately how exercise can be used to make learning new skills more
individualized. Therefore, the purpose of this study is to investigate if a st&tdybout

of moderate intensity AE will induce a change in blood lactate concentration which will
alter brain excitability when assessed using transcranial magnetic stimulation (TMS).

Who Can Take Part in the Research Study

You may participate in thistudy if you are between 18 and 40 years oldrene no
selfreported history of neurological (brain), cardiovascular (heart), or pulmonary (lung)
disorders. You must also have normal or corretbeabrmal (that is you wear glasses or
contact lenses) vision. Additionally, we will ensure you can undaligbe study
procedures by screening for specific conditions (we describe this below).

Inclusion criteria:

1. Individuals aged 180.

2. Suitability to perform exercise safely (as assessed by the@AR

3. Suitability to engage in nemvasive brain stimulation (TMS)

4. No selfreported history of neurological, cardiovascular, or pulmonary disorders

Exclusion criteria:

1. Having respiratory disorders, hypertension or other cardiovascular diseases that
would preclude participating in exercise

2. Having any contraindications to TMS (as assessed by the TMS) screening form).

3. Having a body mass indéx 3 0 %and/amvaist circumference >102 cm for men
and >88 for women

4. Is a regular smoker.

What You Will Be Asked to Do

Screening

Once you have expressed interest in this study, you will be asked to complete a series of
guestionnaires to see if you are eligible to take part in the study. This is called screening.
It is possible that the screening results will show that you areiivlelig participate. The
research team will discuss these with you. Screening will take place over phone or via
email prior to the first session.
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The first screening task is a questionnaire to determine if you can participate in physical
activity and exercise (called the PAR+). The PARQ+ will take approximately three
minutes to complete. The second questionnaire is to determine if you aresebgibl

receive a nofinvasive form of brain stimulation, called transcranial magnetic stimulation
(TMS; described in the next section). We will be using this technique to assess brain
excitability. This set of questions will take about 5 minutes to complaeanswers to

the questions will determine whether or not you have any conditions that could possibly
cause you harm if you were to have brain stimulation (TMS). The third questionnaire is a
Health History Questionnaire which will record your age, heigleight, smoking history
and exercise history. This questionnaire will take approximately 3 minutes to complete.
Following screening, if you are eligible to participate, you will be asked to attend 2
sessions within a period of 1 week for a total time mwotment of approximately 4 hours.

All sessions will take place in theaboratory for Brain Recovery and Function at
Dalhousie University.

During the Maximal Exercise Test Session (Session 1, 90 minutes):

Overview of Session:

T™MS Graded
Familiarization Exercise Test

You will be asked first to complete the screening forms as mentioned abovedPAR
TMS screening form and Health History Questionnaire) to verify the information
provided during screening. The International Physical Activity Questionnaire (IPAQ) will
be mmpleted during session one. The IPAf) ask you about the time you spent being
physically active in the last 7 days. We will then review this document and ask you to
sign it.

You will then be shown the equipment we will use in the study, and youavid a

chance to ask any questions. After this, we will direct you to a private change room if you
need to change into comfortable clothing for the duration of the test.

Prior to completing the exercise test, the investigator will administer TMS as per the
procedure explained below. This will be to ensure that your brain is excitable (i.e., we
can get a response). If you are NOT responsive to TMS you will be determined as
ineligible for the study. If you ARE responsive to TMS you will belgeto complete the
graded exercise test (GXT).

You will begin the exercise test portion of session one by sitting on a stationary bike
quietly for 5 minutes to measure your restingrtheate. Then, you will stacycling on

the stationary bike and your heart rate will be monitored continuously and your peak
power output (PPO) will be determined for exercise protocol in session 2. Your peak
power output is defined as the highest wattage recorded during the gradedestest.

The cycling portion of this session takes a different amount of time for each person but
should last between 15 and 20 minutes. In total, this first ses#lldast approximately

60 to 90 minutes.
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During the Brain Activity Assessment Session (Session 2, 150 minutes):

Overview of Session 2:

AE 10-Minute

SERIESIE Post-Testing

Post-Testing

Intervention

As you arriveyou will be asked to sit in a reclined position on a chair and the TMS coil
will be positioned on your heaBuring this part of the study, we will record muscle
activity from your hand as we have described below. You will be asked if you would like
to wear disposable earplugs (which we will provide) while you receive the magnetic
stimulation to protect your heag from the clicking noises.

After you finish the TMS session, you will complete ther@idiute exercise intervention

at 60% of you PPO (plus S&ninute warmup and 5minute cooldown). Throughout, we

will monitor your heart rate using a wrist mounted HR monitor (outlined below). As you
finish cycling, you are going to transfer back to the TMS chair to let us take the brain
measuremestagain.This time we will take brain measurements twice, immediately after
you finish the exercise intervention, and agairmiiQutes after exercise. After this is

done, the testing is completdd.total, this second sessiwrill last approximately 150
minutes.

Study Procedures

Each of the participantsill perform the following testing procedures:
Transcranial Magnetic Stimulation (TMS)

A TMS machine uses electricity to create a magnetic fieMS involves delivering brief
magnetic pulses over different locations on your head. Basically, a TMS machine stores
electricity, and then uses this electricity to make a magnetic field in a small coil that is
held over your head. The magnetic field creatdlow of electrical current in your head.

This current can evoke a small muscle twitch, when the pulse is delivered over the part of
your head that corresponds to movement. In this study we will use single pulse TMS
(where we a single stimuli is deliveat resulting in a small muscle movement in your

hand) to measure excitability of your braNo permanent changes to your brain will

result from TMS.

You will be comfortably seated in a chair with your hands resting on your lap. The TMS
coil will be positioned on your head. During this time, you will be asked to sit quietly and
keep your head as still as possiteu will hear a clicking noise as the current flows
through the coilWhen determining the position of the TMS coill, the pulses may cause
your finger to moveYou may also feel some tingling sensations on the head where the
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TMS coil is locatedYou will hear the same clicking noises as the current flows through
the coil.
Muscle Activity

Activity in your muscles will be measured using electromyography (EMG). EMG
involves attaching two nemvasive electrodes (like stickers) to the skin over the muscles
of the hand.

Aerobic Exercise on a Stationary Bike

An exercise interventiowill be performed on a stationary cycle; you will be asked to
cycle at a moderatimtensity relative to your own physiological parameters (the PPO,
edablished in session one). This intensity is described as 60% of the individuals PPO.
The intervention will be 2@ninutes in duration, plus arfinute warmup and 5minute
cooldown. The warrrup involves participants cycling at a 50 W (watts; power oudput
the cycle) workload for 2 min, then 75 W for minuteS.3here will also be a-Binute
cooldown period, where participants will cycle at 50W fes gninutes, or until your

heart rate returns to its resting level.

Watch to Monitorl gouHRH¥aritt Rafe (6PO

The wrist mounted HR monitor is simply a device that allows us to measure your heart
rate in real time or record the heart rate. Heart rate information will only be recorded.

Blood Lactate Measurements

To measure blood lactate your finger will be pricked with a small needle (lancet) and a
sample of ~12 drops of blood will be collected. Baiaids® will be made available as
required. Blood samples will be collected before the exercise interventiondreshire),
during the exercise intervention at minute 5 and minute 15, at the end of the intervention,
and 10minutes following the intervention. At each time point, 3 finger pricks will be
obtained in order to determine the age blood lactate measure. Therefore, a total of 15
finger pricks will be obtained during the second study session. These pricks will be
obtained by the qualified investigators. The finger pricks will be obtained when the
participant is in a seated positiat pre, post and pes0-minutes following the exercise
intervention. While the participant is exercising their hands will remain at their sides,
allowing for easy access to obtain the finger pricks as only their lower body will be
moving during the testnd their upper body will remain relatively still.

Possible Benefits, Risks and Discomforts
There are risks associated with this, or any study. We do not want to alarm you, but we
do want to make sure that if you decide to participate in the study, you have had a chance

to think about the risks carefully. Please also be aware that there mslysha r
participating in this study that we do not know about yet.
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Potential Risks of TMS

TMS has been approved in Canada for both therapeutic and research use and has been
used in numerous studies worldwide since 1985. TMS has been shown to be extremely
safe as long as proper safety precautions are taken. In general, the TMS procedure
producesho pain and causes no known skerim or longterm damage of any kind. We

will contact you if any new risks are discovered during the time of this study. Please
contact us or ask your physician to contact us if you experience any effects that you feel
may be a result of your participation in the study.

TMS is painlessalthough it can cause tingling or twitching of muscles in the face, which
may lead to soreness.

Common riskg1 or more out of every 1Q8eople but less than 1 out of every 10 people
have experienced the following):

1 Headaches, which are caused by muscle tension. In the case of a headache, you
will be advised to take whatever pain medication you usually take for mild
headaches, which in most cases promptly resolves the discomfort.

1 Neck stiffness and pain. This is believed to be due to the straight posture of the
head and neck during the application rTMS, which involves a continuous train of
pulses vs. single pulses delivered at a time as in the current study. In the case of
such arevent, you will be advised to take whatever pain medication you usually
take for mild headaches, which in most cases promptly resolves the discomfort.
You shouldadvise a member of the research team at the first opportunity if you
experience any neck dtiess or soreness. In this situation, you may opt to
withdraw from the study or to rest and change posture for several minutes before
the procedures are resumed.

Rare risks (1 or more out of every 10,000 people but less than 1 out of every 1000 people
have experienced the following):

1 Inrare cases, seizures have been known to occur after TMS. However, the risk of
seizure isrery lowexcept in people with epilepsy or people taking certain
medications and is related to a type of TMS that invovles a continuous train of
pulses (vs. single pulses as employed in the current study). You will be asked to
complete a TMS screening form, an@gautions will be taken to ensure your
safety such as removal of metallic objects from your body. Despite these
precautions, TMS can induce a convulsiorrein people who do not have brain
lesions, epilepsy or other risk factors for seizures. However, only 16 cases of
convulsions induced by TMS in participants without risk factors for epilepsy have
been reported despite the fact that many thousands otsubgve been studied
world-wide. The overall risk for seizures during TMS is thought to be less than 1
in 1,000 patients. As with seizures in general, the seizures induced by TMS are
usually brief and without serious physical consequences. The formagufetic
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stimulation that will be used during this study are well within the limits
recommended by the safety guidelines.

1 Inthe event a participant does experience a seianeeof the two investigators
will remain with the study participant at all times while the other contacts
Dalhousie Security Services at extension 4tt0@form campus police of the
location of the incident to facilitate the arrival of emergency personnel (Security
Services coordinates with external emergency services and thus there is no
requirement for lab personnel to contact 911).

TMS produces a loud clicking noise when the current passes through the handle of the
machine. This loud click can result in ringing in the ears and temporary hpeoirigms

if no ear protection is used. To prevent this, you will wear earplugs which we will

provide for you. Animal and human studies have shown that earplugs can effectively
prevent the risk of hearing disturbances.

TMS is generally safe unless you have metal or magnetized objects in your body.
Examples of these metal objects are cardiac pacemakers, surgical clips (e.g., aneurysm
clips in your head), artificial heart valves, cochlear implants, metal fragments in your
eyes, electronic stimulators, and implanted pumps. If you have any of these, you will not
be able to participate in this study.

Potential Risks During Maximal Exercise Testing:

Nearing the end of the exercise test, you will experience shortness of breath, muscular
fatigue, and an increased heart rate, while dizziness, nausea, muscular pain and profuse
sweating may occur. These symptoms should subside as soon as the tesbis over,
shortly thereafter. If these symptoms persist or worsen, investigators qualified in first aid
response wil | monitor the participantsod co
required. Some solutiarto help reduce symptoms include slowly walking around, small
sips of water or lying down with the legs elevated above the heart. An active cool down
period is prescribed to alleviate any symptoms arising from the maximal exercise. The
cool down period wi be considered complete when the heart rate of the participant falls
below 50% of their agpredicted maximum heart rate. Studies have shown that only an
average of 2.4 in 10000 participants will experience any adverse outcomes from this
protocol that wil require immediate medical treatment and this represented a population
of variable health.

Potential Risks of Recording Muscle Activity (EMG)

There is minimal risk related to the use of this technique. The electrodes lie on top of the
skin (like a sticker on your skin) and a conductive gel provides the contact between the
skin and the electrodes. In uncommon instances (1 or more out of 8yedP people

but less than 1 out of every 1000 people) it is possible that your skin may be sensitive to
the @nductive gel, alcohol or adhesive used in the application of the electrodes. In such
cases a rash or reddening of the skin is possible. This usually goes away in less than 24
hours.
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Potential Risks of Collecting Blood Lactate Measures

A tiny needle will o6prické a hole in your

finger o6pricksd performed during session
quick pinch. We also may need to apply a slight squeezing pressure awgtredi
retrieve 23 drops of blood.

To minimize the risks associated with this stuesearchers are trained in Emergency
First Aid with CPR ACO0/ AED.

If for any reason we find information that mayosv a possible health risk, we will
explain the issue to you and strongly recommend that you visit your family doctor. You
will no longer be eligible to participate in the study.

Compensation / Reimbursement

You will be paid $20/visit, regardless of whether you complete the session or not. This
compensation is intended as an honoradura gesture of appreciation for volunteering
your timed and not as a form of employment or fee for service.

How Your Information Will be Protected

Privacy: Protecting your privacy is an important part of this study. Every effort to protect
your privacy will be made. No identifying information (such as your name) will be sent
outside of Dalhousie University. If the results of this study are presentkd public,
nobody will be able to tell that you were in the study.
If you decide to participate in this study, the research team will look at your personal
information and collect only the information they need for this study, such as your:

fAge

fBiological sex

fInformation from the study questionnaires

Confidentiality:In order to protect your privacy and keep your participation in the study
confidential, you will be déedentified using a study code. For the purpose of data
analyses, all participants will only be identified by their study code (e.g. s001). This
identification code will only be used during the analysis of the data obtained during the
experimental procedure. The hard copy data (i.e., the screening forms) will not be utilized
in the analysis andill be stored in a locked cabinet in a secul@boratory that is

accessible only to lab personnel via personalized pin codes and who are trained in
confidentiality. All data collected will be stored on a secure, passptected server in

the Laboratory for Brain Recovery and Function. No docuatiemt will exist (hard copy

or electronic) that links your name with your study code.

Data retentiontnformation that you provide to us will be kept private. Only the research
team at Dalhousie University will have access to this information. We will describe and
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share our findings in theses, presentations, public media, journal articles, etc. We will be
very careful to only talk about group results so that no one will be identified. This means
thatyou will not be identified in any way in our report3he people who work with us

have an obligation to keep all research information private. Also, we will use a
participant number (not your name) in our written and computer records so that the
information we have about you contains no names. All youtifgierg information will

be securely stored. All electronic records will be kept secure, password protected server
in the Laboratory for Brain Recovery and Function.

If You Decide to Stop Participating

You may choose not to continue your participation in the study at any time, (i.e. during
the TMS portion or during the exercise teHtyou decide not to take part in the study or

if you leave the session early, your data will be automatically withdrawn from the study.
Once you complete the session, your data can no longer be withdrawn from the study, as
this data is automatically addemlthe database and entered into the analysis.

How to Obtain Results

If you would like a description of the results at the end of the study, you can obtain a
short description of these results by visiting boelab.com in approximately 12 months. No
individual results will be provided.

Questions

We are happy to talk with you about any questions or concerns you may have about your
participation in this research study. For further information about the study, you may call
the principal investigatomhois the person icharge of this study.

The principal investigator iBr. Shaun Boetelephone(902) 4946360

We will also tell you if any new information comes up that could affect your decision to
participate.

If you have any ethical concerns about your participation in this research, you may also
contact Research Ethics, Dalhousie University at (902)14%2, or emailethics@dal.ca
(and reference REB file # 2020XXX).

Other

Neither the Principal Investigator nor any other individuals associated with the
administration of this study have any financial interest in its outcome

In the next part you will be asked if you agree (consent) to join this study. If the answer
is Ayeso, you wil/ need to sign the form.
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Signature Page

Project Title: Does an Exercise Induced Alteration in Blood Lactate Concentration
Affect Brain Excitability?

Co-Investigators:

Dr. S.G. Boe C. Klein

Associate Professor MSc (Physiotherapy joirRehabilitation Research)
Student

School of Physiotherapy CSERCPT

Dalhousie University School of Physiotherapy

(902) 4946360 Dalhousie University

s.boe@dal.ca cassidy.klein@dal.ca

| have read the explanation about this study. | have been given the opportunity to discuss
it and my questions have been answered to my satisfaction. | agree to take part in this
study. My patrticipation is voluntary and | understand that | am free to raithfitom the

study at any time, prior to data analysis. | understand | will be given a copy of this
consent form.

Name of Participant Signature of Participant Date

Name of Investigator Signature of Investigator Date



Appendix BT Physical Activity and Readiness Questionnaire (2021)

2021 PAR-Q+

The Physical Activity Readiness Questionnaire for Everyone
The health benefits of regular physical activity are clear; more pecple should engage in physical activity every day of the week. Participating in
physical activity is very safe for MOST people. This questionnaire will tell you whether it is necessary foryou to seek further advice from your doctor
ORa qualified exercise professional before becoming more physically active.

GENERAL HEALTH QUESTIONS

Please read the 7 questions below carefully and answer each one honestly: check YES or NO. YESJNO

1) Has your doctor ever said that you have a heart condition Oor high blood pressureD?

2) Do you feel pain in your chest at rest, during your daily activities of living, OR when you do
physical activity?

3) Do you lose halance because of dizziness OR have you lost consciousness in the last 12 months?
Please answer NO if your dizziness was associated with over-breathing (including during vigorous exercise).

4) Have you ever been diagnosed with another chronic medical condition (other than heart disease
or high blood pressure)? PLEASE LIST CONDITION(S) HERE:

O/0|0| 0|0
i

5) Are you currently taking prescribed medications for a chronic medical condition?
PLEASE LIST CONDITION(S) AND MEDICATIONS HERE:

6) Do you currently have (or have had within the past 12 months) a bone, joint, or soft tissue
(muscle, ligament, or tendon) problem that could be made worse by becoming more physically

active? Please answer NO if you had a problem in the past, but it does not limit your current ability to be physically active.
PLEASE LIST CONDITION(S) HERE:

7) Has your doctor ever said that you should only do medically supervised physical activity?

( ﬁ If you answered NO to all of the questions above, you are cleared for physical activity.
Please sign the PARTICIPANT DECLARATION. You do not need to complete Pages 2 and 3.
®

Start becoming much more physically active - start slowly and build up gradually.
® Follow Global Physical Activity Guidelines for your age (https://www.who.int/publications/i/item/9789240015128).
®) You may take part in a health and fitness appraisal.

® If you are overthe age of 45 yr and NOT accustomed to regular vigorous to maximal effort exercise, consult a qualified exercise
professional before engaging in this intensity of exercise.

® i you have any further questions, contact a qualified exercise professional.

PARTICIPANT DECLARATION
If you are less than the legal age required for consent or require the assent of a care provider, your parent, guardian or care provider must
also sign this form.

I, the undersigned, have read, understood to my full satisfaction and completed this questionnaire. | acknowledge that this physical activity
clearance is valid for a maximum of 12 months from the date it is completed and becomes invalid if my condition changes. | also

acknowledge that the community/fitness center may retain a copy of this form for its records. In these instances, it will maintain the
confidentiality of the same, complying with applicable law.

NAME DATE

SIGNATURE WITNESS
\ SIGNATURE OF PARENT/GUARDIAN/CARE PROVIDER J
I @ If you answered YES to one or more of the questions above, COMPLETE PAGES 2 AND 3. I

A\ Delay becoming more active if:

You have a temporary illness such as a cold or fever; it is best to wait until you feel better.

You are pregnant - talk to your health care practitioner, your physician, a qualified exercise professional, and/or complete the
ePARmed-X+ at www.eparmedx.com before becoming more physically active.

Your health changes - answer the questions on Pages 2 and 3 of this document and/or talk to your doctor or a qualified exercise
professional before continuing with any physical activity program.

01-11-2020
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2021 PAR-Q+

FOLLOW-UP QUESTIONS ABOUT YOUR MEDICAL CONDITION(S)

1. Do you have Arthritis, Osteoporosis, or Back Problems?
If the above condition(s) is/are present, answer questions Ta-1¢ If NOD go to question 2

1a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? Yes(J no(J
(Answer NQif you are not currently taking medications or other treatments}

1b. Do you have joint problems causing pain, a recent fracture or fracture caused by osteoporosis or cancer,
displaced vertebra (e.g., spondylolisthesis), and/or spondylolysis/pars defect (a crack in the bony ring on the Yes(J no(J
back of the spinal column})?

1c. Have you had steroid injections or taken steroid tablets regularly for more than 3 months? YEsD NOD

2. Do you currently have Cancer of any kind?
If the above condition(s) is/are present, answer questions 2a-2b If NO D go to questicn 3

2a. Does your cancer diagnosis include any of the fellowing types: lung/bronchegenic, multiple myeloma (cancer of  ygg O nvoQ
plasma cells), head, and/or neck?

2b. Are you currently receiving cancer therapy (such as chemotheraphy or radiotherapy)? YEs[J no(J

3. Do you have a Heart or Cardiovascular Condition? This includes Coronary Artery Disease, Heart Failure,
Diagnosed Abnormality of Heart Rhythm
If the above condition(s) is/are present, answer questions 3a-3d If NO D go to question 4

3a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? yes(J no(O
(Answer NOif you are not currently taking medications or other treatments)

3b. Do you have an irregular heart beat that requires medical management? yes(J no(J
(e.g., atrial fibrillation, premature ventricular contraction)

3c Do you have chronic heart failure? Yes[J no(d

Bk Do you have diaghosed coronary artery (cardiovascular) disease and have not participated in regular physical
activity in the last 2 months? YEs[) nag)

4, Do you currently have High Blood Pressure?
If the above condition(s) is/are present, answer questions 4a-4b IfNO (3 go to question 5

4a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? yes[J) no(Q
(Answer NO if you are not currently taking medications or other treatments)

4b. Do you have a resting blood pressure equal to or greater than 160/90 mmHg with or without medication? Yes(J no(D
(Answer YESif you do not know your resting blood pressure)

5. Do you have any Metabolic Conditions? This includes Type 1 Diabetes, Type 2 Diabetes, Pre-Diabetes
If the above condition(s) is/are present, answer questions 5a-5e If NO [:] go to questicn 6

5a. Do you often have difficulty controlling your blood sugar levels with foods, medications, or other physician- Yes[J Nno(J
prescribed therapies?

Sh. Do you often suffer from signs and symptoms of low blood sugar (hypoglycemia) following exercise and/or
during activities of daily living? Signs of hypoglycemia may include shakiness, nervousness, unusual irritability, yes[J no[J
abnormal sweating, dizziness or light-headedness, mental confusion, difficulty speaking, weakness, or sleepiness.

5¢. Do you have any signs or symptoms of diabetes complications such as heart or vascular disease and/or yes[J no(d
complications affecting your eyes, kidneys, OR the sensation in your toes and feet?

5d. Do you have other metabolic conditions (such as current pregnancy-related diabetes, chronic kidney disease, or  ygg D NOD
liver problems)?

Se. Are you planning to engage in what for you is unusually high (or vigorous) intensity exercise in the near future?  YES[(J No(J

Copyright ® 2021 PAR-Q+ Collaboration 2 / 4
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2021 PAR-Q+

6. Do you have any Mental Health Problems or Learning Difficulties? This includes Alzheimer’s, Dementia,

Depression, Anxiety Disorder, Eating Disorder, Psychotic Disorder, Intellectual Disability, Down Syndrome

If the above condition(s) is/are present, answer questions 6a-6b If NO D go to question 7
Ga. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? Yes(J no(

(Answer NO if you are not currently taking medications or other treatments)

&b, Do you have Down Syndrome AND back problems affecting nerves or muscles? ves(J no(J
7. Do you have a Respiratory Disease? This includes Chronic Obstructive Pulmonary Disease, Asthma,

Pulmonary High Blood Pressure

If the above condition(s) is/are present, answer questions 7a-7d If NOD go to question 8
7a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? ves() no(J

(Answer NQ'if you are not currently taking medications or other treatments)
7b. Has your doctor ever said your blood oxygen level is low at rest or during exercise and/or that you require ves(J no

supplemental oxygen therapy?
7e. If asthmatic, do you currently have symptoms of chest tightness, wheezing, laboured breathing, consistent cough ves(J no(d

(more than 2 days/week), or have you used your rescue medication more than twice in the last week?
7d. Has your doctor ever said you have high blood pressure in the blood vessels of your lungs? ves(J no(d
8. Do you have a Spinal Cord Injury? This includes Tetraplegia and Paraplegia

If the above condition(s) is/are present, answer questions 8a-8c If NOD go to question 9
8a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? ves(Q no(d

(Answer N@if you are not currently taking medications or other treatments)
8h. Do you commonly exhibit low resting blood pressure significant enough to cause dizziness, light-headedness,

and/or fainting? ves(J no(d
8c. Has your physician indicated that you exhibit sudden bouts of high blood pressure (known as Autonomic ves(J no(J

Dysreflexia)?

9. Have you had a Stroke? This includes Transient Ischemic Attack (TIA) or Cerebrovascular Event

If the above condition(s) is/are present, answer questions 9a-9¢ If NOD go to question 10
9a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies?

(Answer NOif you are not currently taking medications or other treatments) ves(J no(J
ab. Doyou have any impairment in walking or mobility? Yes(J no(Q
9c. Have you experienced a stroke or impairment in nerves or muscles in the past 6 months? ves(J no(O
10. Do you have any other medical condition not listed above or do you have two or more medical conditions?

If you have ather medical conditions, answer questions 10a-10c If NOD read the Page 4 recommendations
10a. Have ﬁou experienced a blackout, fainted, or lost consciousness as a result of a head injury within the last 12 ves(J no(D

months OR have you had a diagnosed concussion within the last 12 months?
10b. Do you have a medical condition that is not listed (such as epilepsy, neurological conditions, kidney problems)?  YES(J No(J
10c. Do you currently live with two or more medical conditions? ves(J no(d

PLEASE LIST YOUR MEDICAL CONDITION(S)
AND ANY RELATED MEDICATIONS HERE:

GO to Page 4 for recommendations about your current
medical condition(s) and sign the PARTICIPANT DECLARATION.

Copyright ® 2021 PAR-Q+ Collaboration 3/ 4
01-11-2020

112



2021 PAR-Q+

M If you answered NO to all of the FOLLOW-UP questions (pgs. 2-3) about your medical condition, 1
®

you are ready to become more physically active - sign the PARTICIPANT DECLARATION below:

Itis adlvised that you consult a qualified exercise professional to help you develop a safe and effective physical
activity plan to meet your health needs.

® Youare encourag{(epl to start slowly and build ulp gradually - 20 to 60 minutes of low to moderate intensity exercise,
3-5 days per week including aerobic and muscle strengthening exercises.

® Asyou progress, you should aim to accumulate 150 minutes or more of moderate intensity physical activity per week.

® If you are over the age of 45 yr and NOT accustomed to regular vigorous to maximal effort exercise, consult a
k qualified exercise professional before engaging in this intensity of exercise. J

. = S,
r© If you answered YES to one or more of the follow-up questions about your medical condition:
You should seek further information before becoming more physically active or engaging in a fitness appraisal. You should complete

the specially designed online screening and exercise recommendations program - the ePARmed-X+ at www.eparmedx.com and/or
visit a qualified exercise professional to work through the ePARmed-X+ and for further information.

&

2\ Delay becoming more active if:

" You have a temporary illness such as a cold or fever; it is best to wait until you feel better.

.+ You are pregnant - talk to your health care practitioner, your physician, a qualified exercise professional,
~ and/or complete the ePARmed-X+ at www.eparmedx.com before becoming more physically active.

. Your health changes - talk to your doctor or qualified exercise professional before continuing with any physical
' activity program.

@® You are encouraged to photocopy the PAR-Q+. You must use the entire questionnaire and NO changes are permitted.
® The authors, the PAR-Q+ Collaboration, partner organizations, and their agents assume no liability for persons who

undertake physical activity and/or make use of the PAR-Q+ or ePARmed-X+. If in doubt after completing the questionnaire,
consult your doctor prior to physical activity.

PARTICIPANT DECLARATION

® All persons who have completed the PAR-Q+ please read and sign the declaration below.

@ If you are less than the legal age required for consent or require the assent of a care provider, your parent, guardian or care
provider must also sign this form.

I, the undersigned, have read, understood to my full satisfaction and completed this questionnaire. | acknowledge
that this physical activity clearance is valid for a maximum of 12 months from the date it is completed and becomes
invalid if my condition changes. ! also acknowledge that the community/fitness center may retain a copy of this
form for records. In these instances, it will maintain the confidentiality of the same, complying with applicable law.

NAME DATE

SIGNATURE WITNESS

SIGNATURE QF PARENT/GUARDIAN/CARE PROVIDER

For more information, please contact
www.eparmedx.com
Email: eparmedx@gmail.com

The PAR-Q+ was areated using the evidence-based AGREE process (1) by the PAR-Q+
Collaboration chaired by Dr. Darren E. R. Warburton with Dr. Norman Gledhill, Dr. Veronica

Eitiiion o A Jamnik, and Dr. Donald C. McKenzie (2). Production of this document has been made possible

n . % - - -

Warburton DER, Jarnik VK, Bredin SO, and Gledhill N on behalf of the PAR-Q+ Collaboration, through financial contributions from the Public Health Agency of Canada and the BC Ministry

The Physical Activity Readiness Questionnaire for Everyone (PAR-Q+) and Electronic Physical Activity i i i i ;

Readiness Medical Exarmination (ePARmed-X+), Health & Fitness Journal of Canada 4(2):3-23, 2011, OfH?a"h Services. The views expressed here.lnldo o necessarllylrepresent the views of the
Public Health Agency of Canada or the BC Ministry of Health Services.
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Appendix CT TMS Screening Form

Version: August 2021
LABORATORY FOR

BRAIN RECOVERY AND FUNCTION

ONTVERSTTY

TRANSCRANIAL MAGNETIC STIMULATION (TMS) SCREENING FORM

Below is a questionnaire used to determine whether potential participants are suitable for
research studies using transcranial magnetic stimulation (TMS). Please complete the
guestions honestly and to the best of your knowledge. This information, as well as your
identity, will be kept completely confidential.

Participants Study ID:

Participants Age:

PLEASE COMPLETE THE QUESTIONS BELOW

1.

Yes No
Do you have epilepsy, or have you ever hadcanvulsion or a seizure?

Do you have any hearing problems or ringing in your ears?
Do you have cochlear implants?
Are you pregnant or is there any chance that you might be?

Do you have an implanted neurostimulator (e.g., DBRpidural/subdural,
VNS)?

Do you have cardiac pacemaker or intracardiac lines?
Do you have a medication infusion device?

Have you ever had a fainting spell or syncope (loss of consciousness)?

If yes, please describe on which occasion:

Have you ever had a head trauma that was diagnosed as a concussion or

was associated with a loss of consciousness?
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10. Are you taking any medications? (please list):

11.Do you have metal in the brain, skull or elsewhere in your body? (e.g.,

splinters, fragments, clips, etc.)? If so, please specify:

12.Did you ever undergo TMS in the past? If yes, were there any problems:

13.Did you ever undergo MRI in the past? If yes, were there any problems:

I f you answer etdeffisty quesiions you asemat eligitfie for this
study. Please contact the researcher to let them know that you are not eligible; you
do not have to tell why you are not eligible.

Please bring a list of your medications to the first study visit.

* TMS screening form is from the International Consensus Guidelines:
Rossi S et. al. (2021). Safety and recommendations for TMS use in healthy
subjects and patient populations, with updates on training, ethical and
regulatory issues: Expert GuidelinesClin Neurophysiol132: 269306.
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Appendix D i Health History Questionnaire
Health History Questionnaire

Participant ID:

1. Age:

2. Sex
a. Male

b. Female

3. What is your approximate weight (kilograms)?

To convert from pounds to kilograms, multiply by 0.454

4. What is your approximate height (meters)?

To convert from inches to meters, multiply by 0.0254

5. Please calculate your approximate BiMby will be provided with a calculatpr
BMI = weight (kg) / height (rf) =

6. At any point in the last 6 months were you a regular smoker?
a. Yes
b. No

7. If you do any exercise, what types of exercise do you do? Please be spegific (i.e

running, swimming, soccer, basketball, etc.)
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Appendix E T International Physical Activity Questionnaire (IPAQ)

Participant ID:

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE
(August 2002)

SHORT LAST 7 DAYS SELF-ADMINISTERED FORMAT
FOR USE WITH YOUNG AND MIDDLE -AGED ADULTS (15-69 years)
INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE

We are interested in finding out about the kinds of physical activities that people do as
part of their everyday lives. The questions will ask you about the time you spent being
physically active in théast 7 days Please answer each question even if you do not
consider yourself to be an active person. Please think about the activities you do at work,
as part of your house and yard work, to get from place to place, and in your spare time for
recreation, exercisar sport.

Think about all thevigorous activities that you did in thiast 7 days Vigorous physical
activities refer to activities that take hard physical effort and make you breathe much
harder than normal. Thirdnly about those physical activities that you did for at least 10
minutes at a time.

1. During thelast 7 days on how many days did you @gorous physical activities
like heavy lifting, digging, aerobics, or fast bicycling?

days per week

No vigorous physical activities === Skip to question 3

2. How much time did you usually spend doiigorous physical activities on one
of those days?

hours per day

minutes per day

Dono6t know/ Not sur e

Think about all thenoderateactivities that you did in thiast 7 days Moderate
activities refer to activities that take moderate physical effort and make you breathe



somewhat harder than normal. Think only about those physical activities that you did for
at least 10 minutes at a time.

3. During thelast 7 days on how many days did you daoderate physical
activities like carrying light loads, bicycling at a regular pace, or doubles tennis?
Do not include walking.

days per week

No moderate physicalctivities =P Skip to question 5

4. How much time did you usually spend doimgderate physical activities on one
of those days?

hours per day

minutes per day

Donot know/ Not sur e

Think about the time you spewalking in thelast 7 days This includes at work and at
home, walking to travel from place to place, and any other walking that you have done
solely for recreation, sport, exercise, or leisure.

5. During thelast 7 days on how many days did youalk for at least 10 minutes at
atime?

days per week

No walking === Skip to question 7
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6. How much time did you usually spendlking on one of those days?

hours per day

minutes per day

Donot know/ Not sur e

The last question is about the time you s@tihg on weekdays during tHast 7 days
Include time spent at work, at home, while doing course work and during leisure time.
This may include time spent sitting at a desk, visifitends, reading, or sitting or lying
down to watch television.

7. During thelast 7 days how much time did you spemitting on aweek day?

hours per day

minutes per day

Dono6t know/ Not sur e

This is the end of thequestionnaire, thank you for participating.



Appendix F i Borg Scale for Rating of Perceived Exertion

Rating Perceived Exertion
6 No exertion
7 Extremely light
8
9 Very light
10
11 Light
12
13 Somewhat hard
14
15 Hard
16
17 Very hard
18
19 Extremely hard

20 Maximal exertion
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Appendix G i Guidelines for Interpreting the IPAQ
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