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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, metabolic 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 moderate-intensity 

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, and 10-min after a 

20-min bout of moderate-intensity 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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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 of neurological injuries or events that lead to lasting deficits in motor function. 

In rehabilitative settings the remediation of motor function is important as it leads to 

improved function and independence (Hubbard et al., 2009). For 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; Mateos-Aparicio & Rodríguez-Moreno, 2019). 

Neuroplasticity is dependent on the excitability of neurons within the cerebral cortex and 

is often measured through non-invasive means, particularly transcranial magnetic 

stimulation (TMS) (Rossini et al., 2015). 

Research suggests that the excitability of cortical neurons can be altered via 

interventions such as exercise (El-Sayes, Harasym, et al., 2019); this process is coined 

exercise-induced 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 levels (El-Sayes, Harasym, et al., 2019). The 

current literature shows conflicting findings regarding the mode, intensity, and type of 

exercise used in these studies. Evidence supports that moderate-intensity aerobic exercise 

(AE) is successful in increasing corticospinal excitability (CSE) (Baltar 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., 2014). However, the findings in the above 



 2 

studies suggest that there is inter-individual variability associated with the response to 

exercise which suggests that there may be factors which determine how CSE is mediated 

by exercise.  

It is thought that the accumulation of metabolites during exercise may alter CSE, 

one of which is lactate. During exercise, blood lactate concentration can increase with 

increased intensity and duration (Bentley et al., 2001). Individuals who are trained tend to 

exhibit a higher lactate threshold compared to untrained individuals, meaning that trained 

individuals are able to exercise for longer before reaching the point where lactate 

concentration will increase exponentially (Powers & Howley, 2018). These differences in 

lactate threshold suggests that when an individual exercises at a fixed intensity (e.g., a 

percentage of peak power output (PPO) or heart rate (HR)) they may be exercising below 

or above their lactate threshold, ultimately affecting the amount of lactate being produced 

during exercise. Previous research has indicated a potential positive relationship between 

blood lactate concentration and CSE during maximal exercise (Coco et al., 2010a), 

wherein increased blood lactate is associated with increased CSE however, research 

examining the effects of AE on CSE has yet to monitor the concentration of metabolites 

during an acute bout of steady-state exercise.  

Therefore, the purpose of this study was to determine whether a change in blood 

lactate concentration resulting from an acute bout of moderate-intensity AE results in 

altered CSE in healthy adults. Said another way, we were interested in knowing if there 

was a relationship between increased blood lactate concentration and CSE following a 

bout of moderate-intensity AE. Secondly, we questioned if an acute bout of moderate-

intensity AE altered CSE in healthy adults. It was hypothesized that increased blood 
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lactate concentration would lead to increased CSE following an acute bout of moderate-

intensity AE. The secondary hypothesis is we would observe an increase in CSE 

following a bout of moderate-intensity AE.  

To address the above research questions, our participants completed two sessions. 

In the first session, participants completed a TMS protocol to ensure they were 

responsive to TMS and if responsive, participants completed a graded exercise test 

(GXT) to determine their PPO. The second session occurred within a one-week period 

and consisted of testing at three time points: prior to exercise (Pre), immediately 

following exercise (Post), and 10-min following exercise cessation (Post10). The testing 

protocol consisted of delivery of a stimulus-response (S-R) curve, a measure used to 

establish changes in CSE, and blood collection to determine lactate concentration. The 

exercise intervention consisted of 20-min of moderate-intensity cycling at 60% of the 

participants PPO.  Blood lactate measures were also obtained at the 5-min and 15-min 

mark during the exercise intervention to monitor the participants response to exercise, 

however these data were not included in the analysis.  

 Results of a linear regression examining blood lactate concentration and change in 

CSE was not significant and thus our primary hypothesis was not supported. Further, no 

change in CSE was determined between timepoints (Pre-Post, Pre-Post10, Post-Post10) 

following the bout of moderate-intensity AE. Following the AE intervention we observed 

a range of blood lactate concentration values amongst participants however, majority of 

participants showed little accumulation of lactate. Only a small number of participants 

approached or exceeded a value post-exercise that would suggest they were at or near 
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their lactate threshold. Given the lack of relationship between lactate and CSE, we 

suspect that lactate is not a factor in driving excitability changes.  
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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 long-lasting changes to the 

central nervous system that result in deficits in function. Deficits in motor function 

impact an individual’s ability to perform activities of daily living and enjoy full 

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 re-learning of motor skills (Krakauer, 2006). The ability 

for structural and functional changes in the brain to occur is experience-dependent and 

relies on an underlying mechanism known as neuroplasticity. Neuroplasticity broadly 

refers to the ability of the nervous system to modify in response to intrinsic and extrinsic 

stimuli (Khan et al., 2017; Mang et al., 2013; Mateos-Aparicio & Rodríguez-Moreno, 

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, task-specific (or task-oriented) training is 

considered the practice of context specific motor tasks with the provision of feedback 

related to performance (Hubbard et al., 2009; Teasell et al., 2005). This form of 

rehabilitation is used to remediate motor impairment and improve performance on 

functional tasks through practice and repetition, driving neuroplasticity (Hubbard et al., 

2009). It is well established that neuroplasticity resulting from engagement in task-



 6 

specific therapy is key to recovery of motor function, and as such, task-specific therapy is 

considered the gold standard in rehabilitation after neurological injury such as stroke, 

with level I evidence for its effectiveness (Management of the Upper Extremity 

Following Stroke, 2019; 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 

activation of neurons, which is mediated by inhibitory and excitatory processes in the 

brain (Badawy et al., 2013). Inhibition is regulated by the neurotransmitter gamma-

aminobutyric acid (GABA), which acts on GABAA and GABAB receptors (Badawy et al., 

2013). Conversely, excitation is regulated by the neurotransmitter glutamate, which acts 

on N-methyl-d-aspartate (NMDA) and non-NMDA receptors, also known as alpha-

amino-3-hydroxy-5-methyl-4-isoaxolepropionic acid or AMPA receptors (Badawy 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 for depolarization, 

the neuron discharges (‘fires’), generating an action potential that traverses its axon to its 

target. The level of excitation and inhibition of neurons in the brain can be altered in the 

short- and long-term. Short-term changes are altered by varying the concentration of 

neurotransmitter or the activity of its receptor (as this affects the neuron’s resting 

membrane potential), as well as the concentration of neurotrophins (i.e., brain derived 

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

aerobic exercise (AE). Short-term changes in excitability resulting from such processes 
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typically last from seconds to hours. Long-term changes, including long-term potentiation 

can result in permanent structural changes, including remodelling and growth of the 

dendrites (Harris et al., 2003). These structural changes are involved in synaptic plasticity 

that is activity dependent. Long-term potentiation is the process by which neuroplasticity 

occurs; in its simplest form, long-term potentiation results in an increase in synaptic 

strength, as the signal between two neurons is strengthened through repeated stimulation 

(Purves et al., 2004). The idea of long-term potentiation is best captured by the phrase 

“neurons that fire together, wire together”, coined by the famous scientist Donald Hebb. 

Activation of the post-synaptic neuron is typically mediated by the binding of 

glutamate to AMPA receptors, as the NMDA receptors are blocked by a magnesium 

(Mg2+) 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 of ions (Purves et al., 

2004). With repetitive discharge of the pre-synaptic neuron and the release of glutamate, 

activation of AMPA receptors provides the voltage necessary to remove the Mg2+ ion, 

opening ion channels in the NMDA receptor permitting the flow of ions. Unlike AMPA 

receptors, NMDA receptors allow the passage of calcium ions (Ca2+) in addition to others 

(e.g., sodium, potassium). The passage of Ca2+ is critical to long-term potentiation 

occurring, as Ca2+ is a secondary messenger that initiates a cascade of events that results 

in plasticity. Briefly, once Ca2+ enters the post-synaptic neuron, protein kinases are 

activated, specifically Ca2+/calmodulin-dependent protein kinase and protein kinase C. 

Activation of these kinases generates new AMPA receptors, which are inserted on the 

post-synaptic cell membrane. This, in turn increases the neuron’s sensitivity to glutamate 
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(Purves et al., 2004), and the likelihood of activation and facilitating long-term 

potentiation. Over time, Ca2+ influx results in additional changes to the post-synaptic cell 

(the details of which are beyond the scope of this discussion) that are the basis of memory 

and motor learning (Badawy et al., 2013; Purves et al., 2004).  

Given a precursor for long-term potentiation to occur is activation of the post-

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 threshold for depolarization. Such short-term changes in 

excitability, mediated by changes in neurotransmitter concentration, receptor activity, and 

neurotrophins (as indicated above) can be facilitated by various pharmacological agents 

(including licit and illicit drugs) (McDonnell et al., 2006; Rossini et al., 2015) and AE 

(El-Sayes, Harasym, et al., 2019; Hariri, 2020; Turco & Nelson, 2021). While various 

neuroimaging modalities may be used to assess such short-term changes in neuronal 

excitability (e.g., electroencephalography or magnetoencephalography, among others), 

non-invasive brain stimulation techniques, most commonly transcranial magnetic 

stimulation (TMS) are also used to assess short-term neuronal excitability changes 

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

2.2 Transcranial Magnetic Stimulation  

Transcranial magnetic stimulation (TMS) is a non-invasive 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 Figure 1) (Griskova et al., n.d.; Rossini et al., 2015). 
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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 pyramidal (or upper motor) neurons, 

located within M1, are activated, the resulting volley of action potentials travels via the 

corticospinal tract (made up of axons arising from pyramidal neurons) (Badawy et al., 

2013; Purves et al., 2004; Rossini et al., 2015), synapsing with lower motor neurons in 

the spinal cord and ultimately resulting in activation of the contralateral muscle. 

Activation of the muscle results in a visible ‘twitch’ (when the intensity of the stimulation 

is above motor threshold) (Badawy et al., 2013; Rossini et al., 2015). In combination with 

electromyography (EMG; assessment of the electrical activity related to muscle 

contraction), the muscle response is known as a motor-evoked potential (MEP), the 

amplitude of which quantifies the magnitude of the response (Badawy et al., 2013; 

Rossini et al., 2015). Inclusive of both cortical and spinal level components, the resulting 

MEP characterizes the CSE. As above, CSE can be obtained using single-pulse TMS 

(Figure 1).   

 
Figure 1. Diagram of the experimental procedure of TMS on the motor cortex.  

Adapted from Weise et al., (2020). 
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Single-pulse 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 peak-to-peak 

amplitude of at least 50µV on 5/10 trials) (Hallett, 2000; Klomjai et al., 2015; Rossini et 

al., 2015), a stimulus-response (S-R) curve can be generated. Typically, S-R curves 

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 delivery (Klomjai et al., 2015). 

Measures associated with the S-R curve (also known as an input-output curve) can be 

used to assess CSE. The S-R curve provides a sigmoidal shaped plot of the growth in 

MEP size (indicated by the evoked muscle ‘twitch’) following the stimulation at the 

above mentioned intensities (Abbruzzese & Trompetto, 2002; Rossini et al., 2015). A 

change in the S-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 between S-R curves taken at 

two time points (i.e., a change in the AUC or the change in MEP amplitude). Along with 

characteristics of the S-R curve, alterations in the level of CSE can be identified by a 

change in RMT or MEP amplitude. For RMT, an increase in the stimulation intensity to 

achieve RMT indicates a decrease in CSE, while a decrease in the stimulation intensity to 

achieve RMT indicates an increase in CSE (Livingston & Ingersoll, 2008). For the MEP, 

an increase or decrease in the (peak-to-peak) amplitude given a consistent intensity of 

stimulator output would indicate an increase or decrease in CSE, respectively (Cuypers et 

al., 2014; Kallioniemi et al., 2015; Rossini et al., 2015).  
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Other methods of assessing excitability changes in the brain include paired-pulse 

TMS. Paired-pulse TMS involves the delivery of two stimuli (pulses) separated by a 

fixed interstimulus interval (Hallett, 2000; Rossini et al., 2015). The 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 hemisphere, while inhibitory or 

excitatory influences between brain regions across hemispheres (intercortical) require 

two coils to deliver stimuli in different locations (Rossini et al., 2015). Paired-pulse 

techniques can be used to assess short-interval intracortical inhibition (SICI), long-

interval intracortical inhibition (LICI) and intracortical facilitation (ICF). Short-interval 

intracortical inhibition assesses activity of GABAA receptors and LICI assesses GABAB 

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 the physiological aspects of ICF are 

poorly understood, but likely have to do with upregulation of glutamate and its receptors 

(Di Lazzaro et al., 2006). Using methods of single- and paired-pulse 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 single-pulse 

and paired-pulse 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; El-Sayes, Turco, et al., 2019; Garnier et al., 

2017; Lulic et al., 2017a; MacDonald et al., 2019). The above-mentioned studies used 

TMS to assess excitability within M1. Each study used a S-R curve as an outcome 
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measure for assessing CSE. Garnier and colleagues (2017) used an S-R curve from 70-

130% with 10% intervals to assess the MEP of the abductor pollicis brevis muscle. In the 

Baltar et al., (2018) study, S-R curves were obtained over the tibialis anterior muscle 

whereas the Lulic et al., (2017) and the El-Sayes et al., (2019) study protocols focused on 

obtaining S-R curves form the first dorsal interossei (FDI) muscle from 90-150% RMT 

and 100-160% RMT. The extensor carpi radialis was used in MacDonald et al., (2019) 

study to examine the effect of AE on CSE at 100-140% of RMT. Evidence from these 

studies supports that single-pulse TMS 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 benefits on the general health and 

function of individuals. Most commonly, AE is known for its positive impacts on 

cardiovascular health, however current evidence 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 functions (El-Sayes, 

Harasym, et al., 2019; Mang et al., 2013; Müller et al., 2020). Increased neuroplasticity is 

useful in rehabilitative environments, given that neuroplasticity is a pre-requisite of motor 

learning. This is important in areas of neurorehabilitation post-stroke, where learning and 

re-learning motor tasks is of importance. The 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 process that is often referred to as ‘priming’ (MacDonald et al., 2019). 

However, the processes by which these environments are generated is still being 

explored. To understand the underlying mechanisms which AE can be used to improve 
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neuroplasticity through priming, one must first understand what AE is, and the 

physiological components of AE.   

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 groups, which result 

in substantial increases in heart rate (HR) and energy expenditure (Canadian Society for 

Exercise Physiology, 2013). Aerobic exercise is defined as an activity that uses large 

muscle groups, can be maintained continuously and is rhymical in nature (American 

College of Sports Medicine et al., 2018). The Canadian Society for Exercise Physiology 

recommends that adults aged 18-64 years accumulate at least 150 minutes of moderate-

to-vigorous physical activity per week. Aerobic exercise can be manipulated through 

adjusting the frequency, intensity, time, and type (i.e., the FITT principle) of exercise 

prescribed to individuals. Frequency refers to the number of sessions completed within a 

specific time frame (e.g., 2×/week). Intensity refers to the physical effort required to 

complete the exercise task. Aerobic exercise intensity can be prescribed through a variety 

of measures. Measures for quantifying exercise intensity include, energy expended per 

unit time, power output (PO) (e.g., working at a percentage of the PPO), maximal oxygen 

uptake (V̇O2max), various HR parameters including maximal HR (HRmax) or HR reserve 

(HRR), metabolic equivalents (MET; an objective measure related to the rate the body’s 

oxygen uptake for a given activity as a multiple of resting VO2) (Sanghvi, 2013), rating 

of perceived exertion (RPE), and lactate threshold (LT) (McArdle et al., 2015). By 

modifying the level of any one of these measures, the intensity at which an individual 

exercises can be altered (e.g., ensuring that the individual is exercising at an intensity 
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described as low, moderate, or high). The time component refers to the duration that the 

exercise occurs and can be anywhere from minutes to hours in length (McArdle et al., 

2015). With respect to AE in particular, the duration must be greater 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 swimming (Canadian Society for Exercise Physiology, 

2013; McArdle et al., 2015). Varying exercise based on intensity, time, and duration can 

modulate the effects of exercise on the individual. In particular, varying intensities, time 

and type of AE are thought to have effects on brain plasticity and more specifically CSE, 

however these factors will be discussed in greater detail in the following sections (El-

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

2.3.2 Methods for Prescribing Aerobic Exercise Intensity  

In research environments where exercise may be used as a protocol or 

intervention, it needs to be prescribed relative to a specific measure. For example, relative 

to an individual’s HRmax, V̇O2max or PPO. To prescribe exercise relative to individual 

abilities, physiological testing can, and should be 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 test (GXT) (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 fatigue (Beltz 

et al., 2016; McArdle et al., 2015). The 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 testing (Beltz et al., 2016). From testing, clinicians are able 
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to determine cardiorespiratory fitness levels through V̇O2max (i.e., the maximum rate of 

oxygen consumption during incremental exercise), and values such as PPO and LT (Beltz 

et al., 2016; Jamnick et al., 2018; Pallarés et al., 2016), where 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 level.  

 Typically prescribed in the low-, moderate-, or high-intensity 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 low-intensity exercise as exercise 

completed in <3.0 METs, moderate-intensity exercise as 3.0-5.9 METs, and high-

intensity as ≥ 6.0 METs (American College of Sports Medicine, n.d.). In studies 

examining AE interventions on CSE (Singh et al., 2016; A. E. Smith et al., 2014), 

intensity is commonly prescribed relative to an individual’s HRmax. When prescribed in 

this manner, low-intensity AE is considered to be between 35-50% of HRmax, moderate-

intensity between 50-70% HRmax, and high-intensity between 70-85% of HRmax 

(Canadian Society for Exercise Physiology, 2013). Another approach to prescribing AE 

is relative to a participant’s HRR, which takes into account the participants resting HR 

(HRrest) and HRmax (McArdle et al., 2015). Low-moderate intensity is considered to be 

40% of HHR and moderate-intensity is described as 50-59% HRR and high-intensity is 

considered to be 60-80% 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 conjunction with V̇O2max and 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 HR is that it is a relative measure and can 

vary from day-to-day. Particularly, HR is affected by circadian rhythm, physical activity 

levels, lifestyle factors (smoking and alcohol consumption), and mental stress (Valentini 

& Parati, 2009) as a result, resting HR may vary. These factors may affect submaximal 

exercise intensities prescribed regarding HRmax and V̇O2max due to varying contributions 

to the aerobic and anaerobic energy systems (Mann et al., 2013). Exercising at a 

percentage of V̇O2max or HRmax fails to account for metabolic stress differences that 

occur, such as increases in blood lactate concentration (Mann et al., 2013; D. Meyer et 

al., 2015). The use of HRR as a function of intensity may be affected by an individual’s 

mental state. Given that HRrest is required for the calculation of HRR, if an individual is 

predisposed to a stressful circumstance their HRrest will likely be increased, which in turn 

increases the HR level required for exercise intensity. For exercising at a moderate-

intensity, if HRrest is high, it may result in exercise being completed closer to vigorous-

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 of PPO used as a 

measure of intensity in these AE and CSE studies. The use of a continuous ramp style 

protocol resulted in a similar relationship between PPO and V̇O2max when compared to a 

step-wise protocol (Lamberts et al., 2012). This relationship between PPO and V̇O2max 
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values highlights that these measures may 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 measures of HRmax and V̇O2max 

(Rascon et al., 2020). For these reasons, a percentage of PPO was selected as the method 

for prescribing AE, and 60% of PPO specifically as this is considered moderate-intensity 

AE, which has previously been shown in the literature to elicit an increase in CSE 

(Hariri, 2020). As above, the use of PPO allows for precise monitoring of load during the 

session versus an internal measure of intensity such as HRmax. 

 There is variance attributed to exercising at a moderate intensity. By exercising at 

an intensity relative to PPO, the ability to observe the impacts of moderate-intensity 

exercise on physiologic functions can be monitored, as the use of PPO in conjunction 

with RPE and blood lactate samples was found to be more consistent across sexes 

(Rascon et al., 2020). It is thought that during exercise, some individuals may work at a 

level higher than their lactate (anaerobic) threshold while others may be working below 

it, despite exercising at an absolute intensity (T. Meyer et al., 1999). This finding 

indicates that at the same absolute intensity, individuals may experience varying 

metabolic responses, for example, whether lactate is being produced and accumulating in 

the blood, possibly contributing to a change in CSE. 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 facilitating and maintaining brain 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 fitness capacity (Figure 2) (Mang 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, both short- and long-term 

effects of AE on the brain have been investigated, with a particular focus on CSE.  

 
Figure 2. 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, affecting signaling 

pathways within the CNS. 

 

The ability for the nervous system to change following a bout of AE is known as 

exercise-induced neuroplasticity. Work to date has clearly identified that the effect of AE 

on short-term neuroplasticity occurs on molecular, functional, and behavioural levels, 

with the details of these effects continuously being explored. These various short-term 

effects induced by AE are depicted in Figure 3 (El-Sayes, Harasym, et al., 2019). 
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Changes on a molecular level include increased concentration of neurotrophic factors 

such as BDNF. As highlighted by El-Sayes et al., (2019) execution of an acute bout of 

AE may increase neural activity through increased cerebral blood flow. An increase in 

blood flow within the brain gives opportunity for neurotrophins such as BDNF to cross 

the blood brain barrier, impacting on neural processes throughout the brain.  

On a functional level, changes induced by AE include increased cerebral blood 

flow, increased glucose and oxygen metabolism, increased concentration of 

neurotransmitters (specifically, glutamate), increased neural activity and increased 

receptor activity when assessed via paired-pulse TMS (Maddock et al., 2016). In 

particular, NMDA receptor activity was altered (Lulic et al., 2017b) and GABAA and 

GABAB receptor activity was reduced (Mooney et al., 2016; Singh et al., 2014). A 

combination of the molecular and functional effects will eventually lead to behavioural 

changes related to cognitive and motor function expressed as improvements in memory, 

retention and reaction time (El-Sayes et al., 2020). The review by El-Sayes and 

colleagues focused on how altered neurotransmission, neurotrophin concentration, and 

oxygen metabolism may play a role in driving changes in brain function. However, this 

review did not include the effects of acute bouts of AE on single pulse TMS measures, 

which provides information on motor output over a given area of the M1. It also failed to 

examine the impacts of metabolic by-products that accumulate during AE. Therefore, 

future studies should include investigations of metabolites, including lactate, on a 

molecular level and the implications on neuroplasticity.  
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Figure 3. Short-term effects of acute aerobic exercise on neuroplasticity.  

From El-Sayes et al., (2019). Acute AE increases peripheral levels of vascular endothelial 

growth factor (VEGF), and brain-derived neurotrophic factor (BDNF), increases glucose 

and oxygen metabolism, and neurotransmitters. Increases in neural activity may be 

mediated by increased cerebral blood flow (CBF) and glucose and oxygen metabolism, 

whereas increased receptor activity may be mediated by increased concentration of 

neurotransmitter (NT). These changes may become more substantial with time and 

repeated exposure, leading to long-term potentiation. Dashed lines indicate speculation of 

associations. Numbers 1-4 represent references highlighted by the review article.  

 

2.4.1 Effect of Exercise Assessed using 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 CSE (Baltar et al., 2018; El-Sayes, 

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., 2014). In a recent 2020 

scoping review conducted in our laboratory, the effect of AE on CSE was investigated.  

The review highlighted studies that showed an increase in CSE post-AE in healthy 

individuals. The common factor associated with studies included in the review is that 

moderate-intensity AE was the exercise intensity used in interventions where increases in 

CSE were found (Hariri, 2020). Conversely, studies prescribing low- 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 as low-intensity (30, 40-60% HRR, 

30% peak VO2, 57-63% age predicted HRmax), moderate-intensity (40-50% of HRR, 60% 

peak VO2, 64-76% age predicted HRmax), and high-intensity (80% HRR, 77-95% age 

predicted HRmax) (Hariri, 2020). There was variability across the studies with respect to 

quantifying AE intensities indicating some overlap in the reported intensities. Despite 

moderate-intensity 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 that a 20-min 

bout of AE was adequate to induce neuroplasticity (El-Sayes, Harasym, et al., 2019). A 

brief review of the current literature was conducted to further examine the inter-study 

variability across studies examining the effects of AE on CSE.  

A study examined the effects of treadmill-based AE at varying intensities and 

durations on cortical excitability (Baltar et al., 2018). Three exercise intensities and 

durations ranging from high (77-95% HRmax) for 10-min, moderate (64-76% HRmax) for 

15-min and low (57-63% HRmax) for 30-min were prescribed on varying days. Single-

pulse TMS was used to assess the motor area of the right tibialis anterior muscle (Baltar 

et al., 2018). The TMS measures were assessed at multiple time-points including before, 

immediately after, and at 5-min intervals until the participant was 30-min post 

intervention. When compared to baseline, there was a significant increase in cortical 

excitation following moderate-intensity AE, a decrease in cortical excitation following 

high-intensity AE and no change following low-intensity AE (Baltar et al., 2018). These 

findings suggest that moderate-intensity 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 on short-term AE-induced 

neuroplasticity was investigated. Males and females were recruited to participate in an 

acute bout of 20-min moderate-intensity cycling at 65-70% HRmax twice ~14 days apart. 

Single-pulse (MEP, recruitment curves) and paired-pulse (SICI) TMS measures were 

used to assess neuroplasticity including CSE. This study refuted its hypothesis stating 

that sex and ovarian hormones do not have an effect of short-term neuroplastic changes 

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 

females (El-Sayes, Turco, et al., 2019), further suggesting that moderate-intensity AE 

may facilitate increases in CSE.  

The effects of two modes of muscle contraction (i.e., eccentric vs. concentric) 

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 stimulation), where the participants 

exercised for 30-min on a treadmill at 60% of HRmax with 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. Single-pulse TMS assessed via an 

input/output curve (also known as a S-R 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 30-min exercise. MEP amplitude increased 30-min 

following paired associative stimulation. These findings suggest that sub-maximal 

exercise on a treadmill can increase CSE within 30-min (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 S-R curve (Rossini et al., 2015). A 2017 study examined the effect 

of a 20-min bout of cycling at moderate-intensity (50-70% of age predicted HRmax 

however, participants all maintained approximately 60% of age predicted HRmax) (Lulic 

et al., 2017a). The results showed a significant increase in MEP amplitude at rest and the 

area under the S-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 (Lulic et al., 2017a). The participants’ activity levels were identified using the 

International Physical Activity Questionnaire (IPAQ), a quantifiable measure which 

looks at the amount of physical activity performed in a 7 day period (Craig et al., 2003). 

Participants were identified as highly physically active if their MET score exceeded 3000 

and were identified as low-moderately active if their MET score was below 3000 (Lulic 

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 

(specifically LT), which is discussed below. 
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Figure 4. Thresholds and recruitment curves.  

From Lulic et al., (2017). B, where T0 is pre-testing and T1 is post-testing. MEP 

amplitudes (mV) were significantly increased in the high physical activity group (‘High’) 

compared to the low physical activity group (‘Low’). In C, area under recruitment curve 

(AURC) increased post-AE for the high physical activity group.  

 

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

and participants’ aerobic fitness on CSE. The first experiment prescribed AE as a 

percentage of HRR with participants cycling for 20-min 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), suggesting there is a lower bound of AE intensity required to 

drive changes in CSE. In the second experiment, participants aerobic fitness (V̇O2max) 

was first determined via a maximal GXT. The participant’s V̇O2max ranged from 22.1-

48.2 mL/kg/min. Participants then completed a 20-min bout of cycling-based exercise at 

50% of their HRR. Pre-post measures of CSE (via the area under the S-R curve) indicated 

that while increases in CSE were observed, there was no relationship between 

participants’ aerobic fitness and CSE (Figure 6) (MacDonald et al., 2019).  
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Figure 5. Stimulus response (S-R) curves pre- and post-exercise 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.  

 



 26 

 
Figure 6. Area under the curve change scores (AUC). 

From MacDonald et al., (2019). Area under the curve change scores (AUC) for each 

participant, plotted as a function of aerobic fitness (measured by maximal oxygen uptake 

(V̇O2max) immediately after exercise (A) and 30 min after exercise (B). 

 

A study by McDonnell et al., (2013) examined the effect of two different cycling-

based AE interventions on brain excitability. The first intervention was considered low-

intensity (57% of age predicted HR for 30-min) with the second considered moderate-

intensity (77% of age predicted HR for 15-min). A no exercise or ‘rest’ condition was 

included for comparative purposes as a third condition. Single-pulse TMS was 

administered pre- and post-exercise to examine MEP amplitude (an average of 15 TMS 

pulses at each time point). No 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 post- and post-30 min were examined by Singh et al., (2014). 



 27 

Several TMS measures were used to assess changes in excitability including, input/output 

curves, SICI, LICI and ICF of the extensor carpi radialis muscle. The exercise 

intervention selected was 20-min of cycling at 65-70% of age predicted HRmax. 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 decreases in SICI 

following the exercise intervention. However, no changes were reported for input/output 

curves and LICI (Singh et al., 2014). Despite the failure to show increased input/output 

curves, the results indicate that exercise may be favourable for promoting conditions of 

plasticity in M1.  

Other contradictory findings related to the effect of AE on brain excitability are 

indicated by a 2014 study, which had participants complete a cycling-based AE 

intervention, in two 15-min 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 excitability was assessed via pre-post changes in active motor 

threshold, RMT and the S-R 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 reported 15-min post-exercise. The findings from 

experiment two support the notion that AE administered in a single bout reduces 

GABAA-mediated intracortical inhibition, a hypothesis that was explored regarding 

exercise-induced neuroplasticity (Singh et al., 2014).  

In their 2020 scoping review, Hariri et al. (2020) reported the effects of low-, 

moderate-, and high-intensity AE on CSE. Table 1 provides a summary of the changes in 
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CSE from healthy participants (Andrews et al., 2020; Baltar et al., 2018; El-Sayes, 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. Smith et al., 2014, 2018; Yamazaki et al., 2019). This review further 

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

Table 1. Changes in CSE following AE interventions. Adapted from Hariri, 2020.  

 

 

Note. An increase in CSE is symbolized by a green ‘up’ arrow, a decrease in CSE is 

symbolized by a red ‘down’ arrow, and no change in CSE is symbolized by a blue ‘dash.’ 

Details related to the protocols used in each study is available here. 

https://dalspace.library.dal.ca/bitstream/handle/10222/80278/AnwaarHariri2021.pdf?sequence=4&isAllowed=y
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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 effect. Most of the studies listed above 

focus on increased CSE following a bout of moderate-intensity AE prescribed at a 

percentage of HRmax or HRR. Given that there may be variability associated with 

prescribing exercise through relative intensities, it may be of benefit to prescribe the AE 

intensity relative to PPO, as PPO is an absolute value. When exercise is prescribed in 

relation to threshold/absolute measurements (i.e., PPO) compared to relative 

measurements (i.e., HRmax, HRR, V̇O2max) it is possible that absolute intensities may limit 

variation across metabolic and respiratory response to exercise (Mann 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 changes is not yet known and is still 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 used by the central nervous system on a molecular or functional level 

(Coco et al., 2010b, 2014; El-Sayes, Harasym, et al., 2019; Mang et al., 2013; Müller et 

al., 2020; Perciavalle et al., 2010a; Yang et al., 2014a). These metabolic changes may 

drive short-term changes in CSE, facilitating altered receptor activity, and in particular 

NMDA receptor activity within neurons in the brain as reported by Yang 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 by-product, which accumulates in the blood during glucose 

metabolism or Glycolysis, a process which occurs anaerobically (i.e., without the 

presence of oxygen) (Powers & Howley, 2018). Glycolysis refers to the breakdown of 

glucose or glycogen to form two molecules of pyruvate, which can later be converted to 

lactate. The process of Glycolysis is broken down into two phases, where phase one is 

known as the energy investment phase and phase two being the energy generation phase 

(Powers & Howley, 2018). When glucose is broken down during the energy investment 

phase, two stored adenosine triphosphates (ATP) are required to form phosphates. 

However, if glycogen is broken down, only one ATP molecule is required (Powers & 

Howley, 2018). In the energy generation phase, high energy electron carrier molecules 

nicotinamide adenine dinucleotide (NAD+) and flavin adenine dinucleotide (FAD) allow 

for hydrogen (H+) to be transported for later metabolic processes. When NAD+ is 

reduced, it forms NADH (Powers & Howley, 2018). Under the presence of oxygen, the 

H+ ions are shuttled to be used in the mitochondria during aerobic metabolism but when 

oxygen is not present, pyruvate accepts the H+ ions and forms lactate (Powers & Howley, 

2018), allowing Glycolysis to continue. The process of pyruvate converting to lactate is 

catalyzed via the enzyme lactate dehydrogenase (LDH) (Powers & Howley, 2018).  

Aerobic metabolism occurs via two related pathways: 1) the citric acid cycle 

(CAC) and 2) the electron transport chain (ETC). The CAC allows for complete 
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oxidation of macronutrients (carbohydrates, fats, and proteins) via FAD and NAD+. The 

CAC begins when pyruvate forms acetyl-CoA to enter the CAC for oxidation and 

produces 3 NADH and FADH2 for the ETC (Powers & Howley, 2018). As a result, 

electrons are released, which travel to the ETC promoting the formation of ATP via 

oxidative phosphorylation. The ETC allows for aerobically produced ATP via FADH2, 

NADH and water (Powers & Howley, 2018). The production and removal of lactate can 

occur within the skeletal muscle (Cruz et al., 2012) and the brain (Magistretti & Allaman, 

2018). During light- to moderate-intensity exercise, metabolic processes occur via 

aerobic metabolism, meaning that oxygen is required for the production of ATP (Powers 

& Howley, 2018). With increasing exercise intensity and duration, blood lactate 

concentration will increase, specifically as individuals’ approach/surpass their lactate 

threshold (LT).   

Lactate threshold is a parameter of aerobic function, which is commonly used in 

exercise physiology and exercise prescription settings where it is used to assess physical 

working capacity (Belman & Gaesser, 1991; Powers & Howley, 2018). Lactate threshold 

is defined as the point where blood lactate tends to increase exponentially during graded 

exercise testing, commonly at 4 mmol/L (Goodwin 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 the muscle, 2) increased muscle glycogen 

breakdown due to heightened epinephrine, 3) recruitment of fast-twitch muscle fibers and 

4) declined rate of lactate removal (Powers & Howley, 2018). A concept known as 

maximal lactate steady state is used to establish the peak aerobic power achieved without 

the accumulation of lactate for metabolic energy (Beneke et al., 2011). This concept 
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suggests that lactate concentration will level out during longer duration AE. The average 

value of maximal lactate steady state in individuals is approximately 4.0 mmol/L, ranging 

from 1.5 mmol/L to 7.0 mmol/L (Goodwin et al., 2007). With exercise, lactate is released 

into the blood stream following production from type II muscle fibers, where it can be 

used as an energy source by other cells (including, type 1 muscle fibers, cardiac fibers 

and the liver) (Cruz et al., 2012; Donovan & Pagliassotti, 2000). Secondary, an increase 

in blood lactate concentration results in build-up of lactate in the working muscle, that is 

then shuttled through the blood stream where it may be used by other organs (Coco et al., 

2010a; Magistretti & Allaman, 2018).  

2.5.2 Response of Lactate During Exercise 

Following an exercise-induced increase in lactate, the body may respond by 

allowing lactate to act as a direct fuel source for the heart, skeletal muscle (Powers & 

Howley, 2018) and brain (Barros, 2013; Magistretti & Allaman, 2018), as well as being 

used as a substrate in the liver for the synthesis of glucose (Powers & 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 lactate (Moscatelli, Valenzano, Petito, Triggiani, Cilibert, et al., 2016). The 

lactate shuttle is a concept which allows for the transportation of lactate around the body 

to be used as a fuel source (Powers & Howley, 2018). There are two methods to support 

the notion of the lactate shuttle hypothesis, including the intracellular lactate shuttle and 

the intercellular lactate shuttle (Brooks, 1986b; Todd, 2014). The intracellular lactate 

shuttle suggests that monocarboxylate transporters (MCT) allow for lactate molecules to 

be transported across the mitochondrial intermembrane space where lactate is upregulated 
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into the skeletal muscles (Todd, 2014). The intercellular lactate shuttle occurs when there 

is an excess of lactate generated via fast-twitch muscle fibers, and the lactate is 

transported to areas able to metabolize lactate such as slow-twitch muscle fibers (Todd, 

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

uptake is only proportional during AE, as with maximal exercise the rate at which lactate 

is produced exceeds the rate at which it can be metabolized (Gladden, 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 factors (Mann et al., 2013). It is suggested that LT can be used 

as a parameter for establishing exercise intensity, as blood lactate concentration provides 

an indication of aerobic status and endurance performance (Powers & Howley, 2018). It 

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

to untrained individuals. This is evident in the relationship between LT and V̇O2max, 

where trained individuals reach their LT between 65-80% of their V̇O2max and untrained 

individuals reach their LT at 50-60% of their V̇O2max (Powers & Howley, 2018). With 

aerobic training, LT has been shown to increase (Goodwin et al., 2007). Since blood 

lactate concentration is a commonly used measure in exercise physiology (Goodwin et 

al., 2007; Mann et al., 2013; McArdle et al., 2015), aerobic training in conjunction with 

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

same may occur for healthy individuals. Knowing this, we can expect that untrained and 

trained individuals may experience varied responses to blood 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 predicted HRmax, HRR or PPO), some may be working 

below LT while others could be working above LT owing to their aerobic fitness. 

Typically, during exhaustive exercise interventions (i.e., maximum GXTs, as used in 

Coco et al., 2010), blood lactate concentration will increase exponentially, as participants 

reach their maximum work capacity. During steady-state AE however, it is likely that 

some individuals may experience an accumulation of blood lactate, while others may not, 

with the variability attributable to differences in aerobic fitness (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, there is a considerable 

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, lactate is a valued contributor to normal function and is used by 

neurons and muscles during exercise (Schurr, 2008; Todd, 2014). Glucose is the 

preferred substrate for cerebral metabolism, however lactate acts as a substrate during 

periods of stress (e.g., exercise) (Barros, 2013; Magistretti & Allaman, 2018; Riske et al., 

2017). When participating in high-intensity exercise, lactate concentration in arterial 

blood increases, which contributes to the consumption of lactate by the brain when the 

amount of glucose is decreased (Barros, 2013; Dalsgaard et al., 2004; Quistorff et al., 

2008). The switch of fuel for metabolism from glucose to lactate during exercise allows 

for maintenance of optimal function of the brain in low glucose conditions (Barros, 2013; 
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Wyss et al., 2011). It is suspected that increased blood lactate concentration is associated 

with increased CSE, when assessed using TMS. Previous work has investigated these 

exercise-induced increases in blood lactate concentration with respect to brain 

excitability, which is discussed in the following section (Coco et al., 2010a; Moscatelli, 

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

2.5.3 How the Brain Responds to Lactate 

The ability of the brain to produce and use lactate continues to be investigated. 

Lactate is thought to act as an important energy substrate for neural function (Todd, 

2014). Lactate is a metabolite, which is used by neurons during exercise (Overgaard et 

al., 2012). Astrocytes metabolize glucose during exercise forming lactate as a by-product. 

Neurons not only receive lactate produced at the level of astrocytes but also from the 

blood stream (Brooks, 1986a; Magistretti & Allaman, 2018). This finding suggests that 

lactate can be shuttled between astrocytes and neurons, a concept coined the astrocyte-

neuron-lactate shuttle hypothesis (Magistretti & Allaman, 2018; Overgaard et al., 2012). 

The communication between astrocytes and neurons is said to be crucial for memory 

formation (Müller et al., 2020; Suzuki et al., 2011). When exercise is involved, this 

hypothesis is said to contribute up to 33% of total energy substrate consumed, which 

ultimately supports the notion that lactate produced during exercise is metabolized by 

both astrocytes and neurons within the brain due to its ability to cross the blood brain 

barrier (Proia et al., 2016; Riske et al., 2017). Therefore, lactate, whether accumulated via 

Glycolysis in the periphery or through its production in the brain, is involved in 

homeostatic functions (Magistretti & Allaman, 2018).  
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Secondly, lactate may modulate cortical excitability based on preliminary findings 

where increased excitability in pyramidal cells under the presence of lactate in the 

hippocampal region of the brain was documented (Sada et al., 2015). Other evidence has 

been reported supporting 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 neurons (Magistretti & Allaman, 2018). 

van Hall et al., (2009) showed that 30-min of cycling at 75% of V̇O2max increased the 

uptake of lactate in the brain from rest conditions. The authors proposed that lactate 

concentration may be a confounding factor associated with exercise-induced plasticity 

due to its interaction with BDNF. It was hypothesized that lactate is associated with 

increased NMDA receptor activity within neurons (Müller et al., 2020; Yang et al., 

2014a). Specifically, it is thought that an increase in blood lactate concentration is 

associated with increased NADH and Ca2+, upregulating glutamate receptor activity 

(NMDA) (Yang et al., 2014a) and thus synaptic connectivity, a form of short-term 

neuroplasticity. Whether this effect of increased lactate concentration from AE manifests 

as increased corticospinal 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 AE (Coco et al., 2014, 

2014; Mang et al., 2013; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 2016; 

Perciavalle et al., 2010a). As mentioned, when one exercises, various metabolic reactions 

occur contributing to physiological changes. Of specific interest, blood lactate has been 

explored as an agent that can influence CSE. A series of studies have examined the effect 
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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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Table 2. Summary table of the impact of blood 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. 

Hand-grip strain gauge 

dynamometer to 

produce tonic 

contraction. 

Cortical excitability 

assessed using 1mV 

resting motor threshold. 

Looking to find a 

compound MEP value. 

Capillary blood lactate 

measured end, post 5-

min and post 10-min 

intervention.  

Participants replicated 

30% of MVG for 1 min 

and relaxed for 15 

seconds. This was 

repeated until 

volitational fatigue. 

Blood lactate increased at 

end of exercise, returning 

to pre-test levels by 10-

min.  

MEP decreased at end of 

exercise and improved 

after 5-min before 

returning to pre-test 

levels.   

At end to post 5-min 

cortical excitability 

decreased and lactate 

levels increased, 

suggesting an increase in 

blood lactate is associated 

with decreased cortical 

excitability. 

3
8
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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 blood lactate 

levels were measured, 

and MT were measured. 

All 17 participants 

completed an 

exhaustive exercise 

intervention (A). 

Only 6 of the 17 

participants received an 

intravenous lactate 

infusion (B). 

Testing occurred pre, 

post, post 5-min and 

post 10-min. 

Exhaustive exercise: 

Maximal multistage 

dis-continuous 

incremental cycling test 

on a mechanically 

braked cycle ergometer. 

Participants cycled at a 

constant RPM of 60, 

load increased by 30 

watts ever 3 min until 

volitational fatigue or 

the subject was unable 

to maintain cadence. 

Intravenous lactate: a 

2mEq/mL lactate 

solution was delivered 

intravenously  

Exhaustive exercise: 

Increases in blood 

lactate and decreased in 

MT were observed. 

Intravenous lactate: 

increases in blood 

lactate and decreased in 

MT were noted. 

3
9
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Moscatelli, Valenzano, 

Petito, Triggiani, 

Ciliberti et al., (2016) 

24 participants 

Mean age Athletes:  

26.5±5 years 

Mean age  

Non-athletes: 

25.5±4.8 years 

TMS: MEPs were 

measured and averaged 

over 5 consecutive 

responses and the RMT 

and MEP amplitude 

were determined in 

each subject before 

fatiguing hand-grip 

exercises and at the end 

of the exercise. RMT 

was expressed as a 

percentage of maximum 

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, post, 

3-min post and 10-min 

post.  

Fatiguing exercise: 

After subsequent rest, 

subjects were asked to 

reproduce 30% of the 

MVG for 4 seconds, 

relaxed for 2 seconds 

and then repeated for 10 

min 

Total Population (athletes 

and non-athletes): 

An increase in blood 

lactate concentration was 

associated with increased 

RMT and decreased MEP 

amplitudes.  

Suggesting that, an 

increase in blood lactate 

concentration was 

associated with decreased 

brain excitability. 

4
0
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Perciavalle et al., 

(2010b) 

41 participants 

20 Females:  

Mean age 21.0±1.6 

years 

21 Males: 

Mean age 21.7±1.8 

years 

 

 

Capillary blood lactate 

levels, blood glucose 

and MT were measured, 

post, post 5-min and 

post 10-min following 

the intervention.  

TMS stimulus intensity 

was set to 120% of 

RMT value. TMS was 

delivered in single 

pulse.  

Subjects performed a 

maximal multistage 

discontinuous 

incremental cycling test 

on a mechanically 

braked cycle ergometer 

at 60 rpm increased by 

30 watts every 3 min 

until volitational fatigue 

or they could not 

maintain cadence. 

 

Female: 

Significant differences 

were found as an increase 

in blood lactate levels 

lead to decreased MT. 

Male: 

Significant increases in 

blood lactate levels and 

decreases in MT were 

reported. 

 

Following post 5-min, a 

significant difference 

between MT for males 

and females were found, 

in which females saw a 

greater increase in motor 

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 threshold

4
1
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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 after a fatiguing intervention. 

Participants were required to replicate 30% of their pre-determined maximum voluntary 

grip using a hand-held dynamometer. The participants were asked to maintain a 

contraction at 30% of their maximum voluntary grip for 1 min, repeating the contraction 

with 15-second breaks between repetitions until failure or volitational fatigue (Coco et 

al., 2014). Cortical excitability was evaluated using TMS via the right flexor digitorum 

superficialis muscle of 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 identified (Coco et al., 

2014). Upon completion of the fatiguing protocol TMS was delivered at the same 

intensity as prior to the intervention. Blood lactate concentration and MEP amplitude 

were measured at pre-, immediately post-, post- 5-min and post- 10-minu of the fatigue 

intervention. The results of the study demonstrated that at the end of the exhaustive 

exercise and at the post- 5-min timepoint cortical excitability was decreased, and blood 

lactate concentrations were increased compared to baseline (Figure 7). As blood lactate 

concentration increased immediately post-exercise, MEP amplitude decreased, with a 

return to pre-exercise MEP amplitude as blood lactate concentration returned to pre-

exercise levels. This finding suggests that an increase in blood lactate concentration 

results in decreased CSE. 
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Figure 7. Blood lactate levels (mmol/L) and contralateral compound MEP (cMEP) 

amplitudes (mV) pre, post (0), post 5-min (5) and post 10-min (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 pre-exercise levels of 1.4 mmol/L. cMEP amplitudes decreased 

significantly from 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 study used a similar approach to examine cortical excitability and 

lactate concentration in Taekwondo athletes and non-athletes (Moscatelli, Valenzano, 

Petito, Triggiani, Ciliberti, et al., 2016). Participants completed a hand-grip to fatigue 

intervention where participants produced 30% of their pre-determined maximum 

voluntary grip for 4 sec on and 2 sec off for a duration of 10-min. The flexor digitorum 

superficialis muscle was selected to assess changes in RMT (RMT%), MEP amplitude 

(mV) and blood lactate levels (mmol/L) from pre- to post- (end), post- 3-min (3 min) and 

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

Triggiani, Ciliberti, et al., 2016). The relevant finding associated with this study was that 
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an increase in blood lactate was associated with a significant increase in RMT (Figure 8) 

and lower amplitude MEPs, with the latter finding depicted in Figure 9, showing 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 non-athletes.  

 

Figure 8. Correlation between blood lactate concentration and 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 RMT (p<0.0001). Meaning that, as blood 

lactate concentration increased, a higher percentage of stimulator output was required to 

elicit RMT. The finding suggests that increased blood lactate concentration is associated 

with increased RMT values, signifying decreased brain excitability.  
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Figure 9. Correlation between blood lactate concentration and MEP amplitude (mV). 

From Moscatelli et al 2016. Linear regression revealed a significant negative correlation 

between blood lactate concentration and MEP amplitude (mV) (p<0.0001) post fatiguing 

intervention. This finding suggests that increased blood lactate concentration was 

associated with smaller MEP amplitudes, signifying decreased CSE.  

 

 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 excitability (Coco et al., 2010b; Perciavalle et al., 2010b). In one 

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., 2010b). The study examined capillary blood lactate concentrations and 

motor threshold (MT) values of the FDI pre-, post-, post- 2-min and post- 10-min 

following a maximal multistage discontinuous incremental cycling test. TMS was 

delivered in single pulses at 120% of the predetermined RMT value. An increase 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, (2010) reported similar findings to that of Perciavalle et. al. (2010b). 

In this study participants blood lactate concentration and motor threshold values 

(obtained via the FDI) were assessed pre-, post-, post- 5-min and post- 10-min following 

an exhaustive exercise intervention. The study also included an intravenous lactate 

infusion of six participants. The lactate infusion was implemented to determine if the 

increase in lactate alone is capable of influencing motor cortex excitability. As displayed 

in Figure 10, 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 5-min and post 10-min (Coco et al., 2010a). Therefore, 

the main finding from Coco et al., 2010, is that following a bout of exhaustive exercise, 

blood lactate concentration increased and was associated with a significant decrease in 

MT. This finding suggests that an increase in blood lactate concentration was associated 

with increased excitation of the motor cortex (Figure 10). 

 

Figure 10. Relationship between blood lactate and motor threshold values for motor 

cortex excitation for total subject population.  

From Coco et al., (2010). Where the figure on the left highlights the relationship between 

motor threshold (%) values and blood lactate (mmol/L) following a bout of exhaustive 

exercise and the figure on the right highlights the relationship between motor threshold 

(%) and blood lactate (mmol/L) following an intravenous lactate infusion. 
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Collectively, the findings from these studies indicates there is variability in the 

impact of increased concentration of lactate on brain excitability. In some studies there 

was an increase in CSE with increased blood lactate concentration (Coco et al., 2010a; 

Perciavalle et al., 2010b), whereas other studies found no relationship between increased 

blood lactate concentration and CSE or highlighted a decrease in CSE following an 

increase in lactate concentration (Coco et al., 2014; Moscatelli, Valenzano, Petito, 

Triggiani, Ciliberti, et al., 2016).  

Across the aforementioned studies different exercise interventions were used, 

including those that involved exercise to fatiguing hand-grip exercise (Coco et al., 2014; 

Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 2016) and exhaustive exercise 

(Coco et al., 2010a; Perciavalle et al., 2010b). To our knowledge, the 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 

moderate-intensity AE to be optimal in facilitating significant alterations in CSE (El-

Sayes, Harasym, et al., 2019; Hariri, 2020). However, 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 studies examined the effects of metabolic by-products, which may 

accumulate during AE, it 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 of prior literature highlights the relationship between AE and CSE, and 

the potential role that a change in blood lactate concentration may play in mediating CSE. 
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Through previous evidence, we’ve learned that moderate-intensity AE drives increases in 

CSE when assessed via TMS. A gap in the literature linking the effect of an acute bout of 

moderate-intensity AE on CSE and the inter-individual variability of metabolites, which 

accumulate during physical activity and exercise exists. It is important to understand 

whether these metabolites impact CSE. Further, there is variability in past work regarding 

the methods for prescribing AE in that approaches have included working at percentages 

of HRmax or V̇O2max. These methods are subject to variability across participants, and 

therefore, an absolute measure of intensity, such as working at a percentage of PPO, 

would provide a better approach as the work performed by a given participant would be 

less variable compared day-to-day. Understanding that at a moderate-intensity of 

exercise, some individuals may be working above their lactate threshold and others may 

be below, which may explain the varying results (i.e., increased, decreased or no change 

in CSE) across AE studies where 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 moderate-intensity AE 

interventions being used. Metabolic by-products, such as lactate, accumulate in the blood 

during intense physical activity and exercise. However, this accumulation varies between 

individuals. During moderate-intensity exercise, some participants may exceed their 

lactate threshold (i.e., transition from aerobic to anaerobic systems) while others remain 

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 QUESTIONS 

To our knowledge, no studies have examined the effect of altered blood lactate 

concentration on CSE following an acute bout of moderate-intensity AE. Understanding 

blood lactate concentrations during steady-state moderate-intensity AE will aid in the 

understanding regarding the potential relationship between lactate and brain excitation as 

assessed by CSE; specifically, whether changes in CSE are in response to a change in 

blood lactate concentration. Hence, the purpose of this study is to determine whether a 

change in blood lactate concentration induced by an acute bout of moderate-intensity AE 

will alter CSE. The results from this study will indicate whether blood lactate is a 

mediating factor involved in increased CSE induced by moderate-intensity AE. 

Our research seeks to answer two questions: Firstly, does a change in blood 

lactate concentration induced by an acute bout of moderate-intensity AE alter CSE in 

healthy adults? Given the findings of previous studies showing group-level effects of AE 

on CSE, we also sought to determine if an acute bout of moderate-intensity AE will 

increase CSE. We hypothesized that in healthy participants there would be a positive 

relationship between blood lactate concentration and CSE in that increased blood lactate 

concentration would result in increased CSE. Regarding our secondary question, we 

anticipated an overall increase in CSE following a bout of moderate-intensity AE when 

comparing pre and post measures.  
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CHAPTER 4: METHODOLOGY 

4.1 Participants  

Sample size was estimated to be 29 participants using a moderate effect size (f = 

0.5), assuming a one-tailed, α = 0.05 and β = 95% power for a linear regression model 

(one predictor value) (G*Power, v3.1) where the effect of blood lactate concentration on 

CSE was observed. Individuals identifying as male and female between the ages of 18-40 

years of age were eligible to participate, with the goal of obtaining near equal distribution 

of males and females. Participants had no self-reported history of neurological, 

cardiovascular (including hypertension), pulmonary disorders, and were deemed safe for 

exercise. Participants were required to complete screening protocols for non-invasive 

brain stimulation (TMS) and for blood collection to ensure eligibility for participation. 

The study was approved by the Dalhousie University Health Sciences Research Ethics 

Board and each participant provided written, informed consent. Participants were 

included in the study based on the following inclusion and exclusion criteria. 

Inclusion criteria included:  

1. Individuals aged 18-40 years of age.  

2. Suitability to perform exercise safely (as assessed by the PAR-Q+).  

3. Suitability to engage in non-invasive brain stimulation (TMS).  

4. No self-reported history of neurological, cardiovascular, or pulmonary 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 non-responsive to TMS (as assessed by the TMS 

screening form).  

3. Having a Body Mass Index ≥ 30kg/m2  

4. Is a regular smoker.  

4.2 Study Outline 

Participants completed two sessions. The first session took approximately 90-min 

and consisted of ‘hotspotting’ (explained in ‘Transcranial Magnetic Stimulation’ below) 

via TMS to ensure responsiveness to the stimulation. Participants who were responsive to 

TMS were administered a GXT to determine their PPO. The second session took 

approximately 120-min to complete and involved a 20-min bout of moderate-intensity 

AE bookended by an S-R curve and measurements of blood lactate concentration. These 

measures were completed before (Pre), immediately after (Post) and 10-min post (Post10) 

AE. Blood lactate measures were collected at the 5-min and 15-min mark following AE 

to monitor the participant’s blood lactate response to exercise. Figure 11 demonstrates the 

procedures of the study.  

 
Session 1 Overview 

Session 2 Overview 

 

Figure 11. Visual representation of components involved in session 1 and 2.  

TMS 
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4.3 Procedures 

4.3.1 Session One 

Participants were asked to refrain from caffeine, heavy meals, and alcohol for at 

least 2 hours prior to the study. As well, participants were encouraged to avoid significant 

exertion or exercise prior to the study, get 6-8 hours of sleep, and to stay well hydrated 

prior to completing session 1 and 2. Prior to the start of session 1, all participant 

completed the relevant documentation to ensure eligibility for participation (Consent 

Form – Appendix A, Physical Activity and Readiness Questionnaire – Appendix B, and 

TMS screening form – Appendix C). A series of questionnaires including a health history 

questionnaire (Appendix D) and the International Physical Activity Questionnaire 

(IPAQ) (Appendix E) were also administered at this time. Finally, participants were 

provided with a brief verbal overview of the study and the participants’ height (cm) and 

weight (kg) was recorded to the nearest tenth. 

Maximal Graded Exercise Test  

 

A GXT was administered to determine each participant’s PPO, which was then 

used in the subsequent session to determine the intensity of the AE intervention. The 

GXT was administered on a stationary up-right cycle ergometer (Lode Corival Cpet, 

Lode BV, Gronigen, Netherlands). The ergometer was electronically braked with a 

modifiable load (resistance) in watts (W) and was adjusted via external software provided 

by the manufacturer to ensure the workload was maintained adequately during the 

duration of the test. Each participant was equipped with an arm mounted HR monitor 

(Polar Electro Inc., 2022, Lake Success, NY, USA) to monitor HR during the duration of 

the test. Polar arm-worn optical HR monitors are valid for obtaining HR measures during 
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moderate and high-intensity exercise (Hettiarachchi et al., 2019). The device sampled HR 

every second and HR measures were recorded every 2-min manually during the GXT to 

monitor the participants response to exercise.  

The GXT protocol mirrored that of prior work in the laboratory (Lanzi et al., 

2014, 2015). Participants were seated in a chair for 5-min prior to the start of the test to 

determine their resting HR. Resting HR was used during the cool-down portion of the test 

to ensure that the participants HR returned to resting levels. Participants began the test 

with a short warm-up where they cycled for 5-min at an intensity of 40 W. This warm-up 

period allowed for familiarization with the bike and the ability to prepare themselves for 

strenuous exercise. Following the warm-up, the workload increased by 20 W every 

minute following a ramp protocol until the participant was unable to complete the test 

further (i.e., exhaustion), the participant asked to stop, their cadence dropped below 60 

RPM or for other reasons (summarized in Table 3). Self-reported rating of perceived 

exertion (RPE) on a scale of 6-20 was monitored for the duration of the test using the 

Borg Scale (Borg, 1982) (Appendix F). Participant RPE was recorded immediately 

following the warm-up and every 2-min during the GXT. The investigator held the Borg 

Scale in front of the participant and asked for a verbal rating. Given that the GXT was 

designed to be short in duration the length typically ranged between 8 and 12-min. 

Participants were instructed to provide a cue when they believed they had approximately 

1-min remaining in the test. A final measurement of RPE and HR was performed at that 

time. Each participant completed a 5-min cool down period at an intensity of 50 W to 

help lower their HR to at, or near resting levels. Participants were instructed to avoid 

holding or gripping the handlebars of the ergometer while doing the GXT and while 
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completing the AE intervention during session 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 ≥ 17.  

2. Peak HR equal to or within 12 beats of the participant’s age predicted HRmax, 

determined by the formula (Tanaka et al., 1997): Age predicted HRmax = [206.9 – 

(0.67 × Age)].  

Table 3. General indications to 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 pressure) SBP >/= 10 mmHg with an increase in work 

rate of if SBP decreases below the value obtained in the same position prior to 

testing  

- Excessive rise in blood pressure (BP): SBP >/= 250 mmHg and/or diastolic 

pressure >115 mmHg 

- Shortness of breath, wheezing, leg cramps and claudication  

- Signs of poor perfusion: light-headedness, confusion, ataxia, pallor, cyanosis, 

nausea or cold and clammy skin  

- Failure of HR to increase with increased intensity  

- Noticeable change in heart rhythm by palpation or auscultation 

 

Peak power output (PPO) was defined as the maximum wattage (recorded via the  

ergometer) achieved during the GXT. Moderate-intensity (i.e., 60%) was determined by 

multiplying the PPO by 0.6. If participants were unable to maintain 60% of PPO during 

the moderate-intensity AE session the wattage was decreased by 10 W for a maximum of 

two decrements. 

Transcranial Magnetic Stimulation 

 

Transcranial magnetic stimulation was delivered during both sessions at the 

specified testing points, however measures of CSE were only recorded during the second 

session. During the first session, RMT was determined to ensure the participant was 



 55 

responsive to TMS via hotspotting. For session two, RMT was determined via 

hotspotting and then used to determine the stimulator intensity for the S-R curves and 

measurement of CSE. Stimulation was applied through a 70 mm figure-of-eight coil 

(Magstim Double 70mm Alpha Coil) connected to a Magstim BiStim2 magnetic 

stimulator (Magstim, Whitland, UK). During stimulation, participants were seated 

comfortably on a chair in a slightly reclined position, with the right arm placed on an 

armrest for comfort. Brainsight 2TM (Rogue Research Inc., Montreal, Canada) 

neuronavigation was used to guide the position and orientation of the coil over the target 

motor region using a template MRI. A template MRI is an anatomical MRI that is derived 

from a population of 152 neurologically healthy, meant to be a non-biased representation 

of the population.  

Muscle Activity 

 

Electromyography (EMG) was acquired from the first dorsal interosseous (FDI) 

muscle during 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 literature (Lulic et al., 2017b; A. E. Smith et al., 2014) used the FDI in 

determination of CSE, thus obtaining these measures from the same muscle across 

studies facilitates comparison of results. The EMG signal was acquired using self-

adhering electrodes (1 × 3 cm; Q-Trace Gold; Kendall-LTP, USA) in a bipolar 

configuration with a 1 cm inter-electrode distance, sampled at 1000Hz with a bandpass of 

1-500 Hz (1902 and Power 1401; Cambridge Electronics Design, UK) and stored for 

offline analysis. Electrodes were placed on the FDI muscle belly, approximately one 
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centimeter proximal (active electrode) and distal (reference electrode) to the 

metacarpophalangeal joint. To confirm the accuracy of the electrode placement, the 

participant was asked to abduct their second digit, while the researcher palpated the 

muscle belly.  

Co-registration and Localization of the Motor Hotspot  

 

To configure the target position (in this study the representation of the FDI 

muscle in M1), the participant’s head was co-registered to the template MRI using the 

neuronavigation software and a Polaris optimal position sensor (Northern Digital Inc., 

Canada). Within the Polaris sensor are two infrared cameras, emitters, and associated 

electrics, which communicate with the BrainSight computer. There are retro-reflective 

markers that capture movement via the Polaris optical sensor because they reflect infrared 

light emitted by the sensor. These trackers are affixed to the subject tracker, coil tracker 

and pointer tool, highlighted in Figure 12. 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 their head position could be monitored. Co-registration was 

achieved by aligning five anatomical landmarks on the participant (glabella, nasion, right 

and left pre-auricular points and tip of nose) with the corresponding anatomical 

landmarks on the template MRI (MNI152_T1_1mm).  



 57 

 
Figure 12. TMS glasses and pointer for co-registration 

 

The muscle of interest targeted in the study was the FDI, where the left M1 was 

targeted. The FDI was selected because of its role in studies utilizing TMS as the hand 

representation within M1, known as the “hand knob” (Yousry et al., 1997). Secondly, 

given that participants were instructed to execute all exercise interventions (GXT and 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 studies (El-Sayes, Turco, et al., 2019; Lulic et al., 

2017a; McDonnell et al., 2013; A. E. Smith et al., 2014).  

A 5 × 5 grid with 7.5mm spacing was overlaid 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 output was set to 

40% and points on the grid stimulated starting from 2,2 (Figure 13) with 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 worked outwards from the centre 

point of the grid (2,2) in a counter-clockwise manner to determine the location(s) that 

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

 
Figure 13. Target grid for hand-knob of FDI over M1. 

 

Determining Resting Motor Threshold  

 

Once the motor hotspot was located, RMT was determined. The RMT was 

defined as the lowest stimulation intensity required to elicit a minimum MEP peak-to-

peak amplitude of 50μV, in the resting FDI muscle, for 5 out of 10 consecutive stimuli. 

The RMT was measured for each participant prior to the exercise session and used to 

determine stimulator output intensity in the subsequent TMS measures (i.e., for the 

second session).  

4.3.2 Session Two 

Exercise Intervention and Testing/Aerobic Exercise Protocol 

 

The AE intervention was performed on the same cycle ergometer and consisted of 

a 20-min bout at 60% of the participant’s PPO as determined in session one. This 

exercise intensity and duration were consistent with moderate-intensity AE prescribed 

relative to PPO utilized in previous studies where moderate-intensity exercise was 
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prescribed in relation to PPO (Mekari et al., 2015; Pinot & Grappe, 2014). As in session 

one, HR was monitored throughout the intervention using the arm mounted Polar HR 

monitor.  

Participants performed a 5-min warm-up at the beginning of the session to prepare 

for exercise. The warm-up involved cycling at a 50 W workload for 2-min; for the 

remaining 3-min the workload increased gradually to the participants predetermined 

exercise intensity (e.g., if 60% of a participants PPO equates to 150 W, following a 2-min 

warm-up at 50 W the participant will gradually increase from 50 W to 150 W over the 

course of 3-min). Participants were allotted a 5-min cool-down period at the end of the 

session to return HR back to near resting levels. Throughout the exercise session, 

participants were instructed to rest their arms comfortably by their sides and not to grip 

the handlebars. During the AE intervention, participants maintained 60% of their PPO. 

Participants were instructed that if they were unable to maintain the 60% intensity, the 

intensity could be lowered by 10 W decrements up to two times during the session. The 

workload was maintained electronically using the ergometer’s software. As above, 

participants maintained 60% PPO for the duration of the test (unless requested to 

decrease as mentioned above), and therefore the resistance (wattage) was adjusted 

electronically to maintain their PPO. Participants were instructed to maintain a cadence 

of 60-80 RPM throughout the AE intervention to maintain an optimal RPM for cycling 

(Coast et al., 1986).  

Transcranial Magnetic Stimulation  

 

Transcranial magnetic stimulation in session two was delivered in a similar 

manner as session one, however during the second session a custom-programmed 
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paradigm via Signal (Signal v 6.0, Cambridge Electronics Design, UK) software was 

used. Single-pulse TMS measures were delivered through this custom-programmed 

paradigm, which controlled the stimulator externally by setting the stimulator intensity 

and subsequent timing of the TMS coil at the aforementioned timepoints (Pre, Post, and 

Post10).  

Stimulus-Response Curve  

 

After localization of the hotspot, and determination of the RMT, a pre-AE 

stimulus-response (S-R) curve was obtained. An S-R curve is a plot of MEP amplitude 

over increasing TMS intensity. The S-R curve 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 intensities: of 100%, 110%, 120%, 130%, and 140% of 

RMT. These single pulses were delivered with a variable interval of 3 or 4-seconds 

between successive stimuli. The 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 data. The delivery of pulses was randomized to avoid an 

anticipatory effect of participants knowing when a pulse would be delivered to avoid 

preferential activation of the FDI muscle. The peak-to-peak MEP amplitude for each 

stimulus was measured, and the average amplitude evoked by the 10 pulses at each 

stimulus intensity was calculated. The averaged MEP amplitudes were then used to 

generate an S-R curve. S-R curves were generated at the following timepoints: Pre, Post 

and Post10 minutes following the bout of AE.  

The use of single-pulse measures only was established as the purpose of this study 

was to examine the relationship between lactate concentration and CSE. The simplest 
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approach to this measure was to see if there is a single change (i.e., increase, decrease or 

no change) following a bout of AE. Given the variability in previously conducted 

literature involving the effects of AE on CSE, we decided to use only single-pulse 

measures to assess if there is a change occurring in the brain following an increase in 

blood lactate concentration. Secondly, given the time between our post-exercise sessions 

(10-min), we were limited in time between testing points on including both a S-R curve 

and paired-pulse measures. Therefore, we made the decision to include only single-pulse 

measures in conjunction with blood lactate measures. 

Blood Lactate Concentration Measurements 

 

A 20 uL sample of blood (like that required for regular blood-glucose testing 

using a glucometer) was collected via finger-tip and analyzed using a Biosen R-Line 

Lactate and Glucose Analyzer (EFK Diagnostics, Barleben, Germany) to determine the 

concentration of lactate ions in the blood. Blood samples were collected at various 

timepoints during the second session of the study including, before (Pre; resting value), 

during AE at min 5 and min 15, end (Post), and 10-min after (Post10) completion of the 

20-min bout of AE. At each time point, 3 blood samples were obtained to allow for an 

average measure of blood lactate concentration to be determined at each time-point to 

ensure accuracy. As a result, a total of 15 samples were obtained (i.e., 3 samples at 5 

timepoints).  

Each blood sample was obtained via the lateral aspect of the finger pads of the 

distal digits on the left hand. The area was cleaned and sterilized using an alcohol swab. 

The skin was punctured with a small disposable lancet (ACCU-Chek Safe-T Pro Plus 

Blood Lancet, 23-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 bubbles. Once the capillary 

was full, it was placed into a pre-filled micro test tube. The lid of the test tube was closed 

and then the inverted 10 times to ensure that the solution is homogenously mixed. 

Participants were provided with bandages as required. For each sample, a new disposable 

lancet was used and was disposed of in the appropriate biohazardous waste container.   

4.4 Data Analysis 

4.4.1 Participant Demographics 

 Participant demographics were calculated via a Microsoft Excel document 

(Microsoft Corporation. (2018). Microsoft Excel. Retrieved from 

https://office.microsoft.com/excel). Descriptive statistics were completed to determine 

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

4.4.2 IPAQ Scores  

 The participants IPAQ scores were calculated using the appropriate IPAQ scoring 

guidelines (see Appendix G) via a Microsoft Excel document. The scores were 

determined by calculating the frequency and duration of physical activity for vigorous-

intensity, moderate-intensity, and walking activities for each participant. The scores were 

calculated using an equation regrading METs associated with the intensity of activities 

mentioned (described as MET-minutes/week). Each participant was then scored as high 

(>1500 METs), moderate (>600 METs) or low (<300 METs) regarding their physical 

activity.  

https://office.microsoft.com/excel
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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 calibrated, the 

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 began, and results were displayed on the device and recorded by 

hand. Lactate data was reviewed manually, and values which were greater or less than 2 

mmol/L when compared to the remaining values at a specific timepoint were removed 

from the subsequent analysis.  

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 file containing the EMG data from all timepoints and 

obtained using Signal was imported into RStudio (RStudio Team (2020). RStudio: 

Integrated Development for R. RStudio, PBC, Boston, MA URL 

http://www.rstudio.com/). Analysis of the EMG data (which contained the MEPs) 

occurred in four automated steps. First, each trial was trimmed to 1200ms and included a 

1000ms pre-pulse window. Second, trials were baseline corrected by subtracting the 

median value obtained from samples within that timepoint. Third, 60Hz line noise was 

removed using a Discrete Fourier Transform filter. Fourth, the peak-to-peak amplitude of 

the MEP was determined by selecting the region of the signal containing the MEP (10-

50ms post-pulse) and then finding the minimum and maximum peaks within that 

window. The difference between the minimum and maximum peaks was then 

determined. As voluntarily contraction in the target muscle prior to the delivery of the 
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TMS pulse can alter MEP amplitude the pre-TMS pulse EMG activity was examined to 

ensure the absence of muscle activity during the pre-pulse period. Briefly, 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 the pre-pulse 

EMG amplitude exceeded 2 standard deviations of the first 500ms were removed from 

analysis.  

 MEPs with low signal-to-noise ratio were also removed from analysis. Trials 

where the amplitude of the MEP was smaller than the amplitude range (max - min) of the 

1000 ms pre-TMS pulse EMG window were flagged and removed automatically. 

Similarly, MEPs with amplitudes <25 mV and with peak onsets that were less than a 

plausible latency (< 15 ms post-pulse) were also excluded. The MEP data were reviewed 

manually to ensure the MEP peak-to-peak amplitudes were logical and a represented 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 at the 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 data were extrapolated (Prism 9.5.1) to fill the missing data points to create a 

complete S-R curve at each timepoint. Extrapolation occurs by extending the x values 

beyond the range of data (typically equal to half the difference between Xmin and 

Xmax). These values were then divided into 1000 line segments, and the software aims to 



 65 

extrapolate within 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 Corp). A series of one-

way repeated measures ANOVAs were conducted to assess changes in blood 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 and CSE. Outliers were removed 

based on the boxplots of CSE data at Pre, Post and Post10 timepoints (see Appendix J). 

4.5.1 CSE Data  

Three S-R curves were generated for each participant (one for each timepoint). 

Peak-to-peak amplitude of the MEPs included in the analysis were averaged for each 

intensity (i.e., > 4/10 trials at 100% RMT were averaged to a single data point). The 

average MEP amplitude was then plotted to create the S-R curve. Area under the curve 

(AUC) was calculated (Prism 9.5.1), as AUC provides a global estimate of CSE (Peri et 

al., 2017). A change score between the AUC values from Pre-Post, Pre-Post10, and Post-

Post10 were calculated for each participant to be used in the statistical analysis. To 

ensure that the data were normally distributed, a Shapiro-Wilks test was conducted 

(p>0.05). To assess if CSE was altered as a result of the AE intervention, the AUC 

change scores were analyzed via one-way repeated measures ANOVA with the factor of 

time (three levels: Pre, Post, Post10). Mauchly’s test for sphericity was completed and if 

violated, a Greenhouse Geisser correction was applied. 



 66 

4.5.2 Lactate Data 

 A change score for blood lactate concentration was first calculated between Pre-

Post, Pre-Post10, and Post-Post10 for each participant. To assess the change in blood 

lactate values following moderate-intensity AE, a one-way repeated measures ANOVA 

was completed with the factor of time (three levels: Pre, Post, Post10). Bonferroni 

adjustments were completed for post hoc comparisons where appropriate. To ensure that 

the data was normally distributed, a Shapiro-Wilks test was conducted (p>0.05).  

4.5.3 Relationship Between CSE and Lactate 

 A linear regression was used to determine the relationship between blood lactate 

concentration and CSE at 3 timepoints (Pre-Post, Pre-Post10, and Post-Post10). Change 

scores from excitability measures (AUC values) and blood lactate concentrations were 

used. Significance was denoted throughout by an alpha value of p<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, however eight 

were deemed unresponsive to TMS during the first session and therefore were ineligible 

to participate in the subsequent sessions, two participants requested to stop data 

collection during the second session, three participant’s data were incomplete due to a 

technical issue with the equipment, one participant experienced an adverse event during 

the second session, and three participants were removed during the statistical analysis due 

to being outliers. As a result, a total of 24 participants (13 female) were included in the 

analysis. The average age of these participants was 23.7  2.7 years with an average 

height and weight of 169.9  11.0 cm and 71.6  15.9 kg. All participants had a body 

mass index (BMI) of <30 (average 24.5  3.3). On average, participants completed the 2 

sessions within 4  2 days. Each participant was scored based on their IPAQ results as 

being either highly (MET value > 3000 METs) or moderately (MET value < 3000 METs) 

physically active, where 7 participants were categorized as moderately physically active. 

Demographic data for each participant is provided in Table 4. 
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Table 4. Participant demographics 

Participant 

# 
Sex Age 

Height 

(cm) 

Weight 

(kg) 
BMI 

IPAQ 

Score 

IPAQ 

Category 

P001 F 21 155.0 56.8 23.6 15648 High 

P002 F 25 152.0 65.0 28.1 2772 Moderate 

P003 M 21 182.0 87.0 26.3 7890 High 

P005 F 29 170.0 74.4 25.8 1716 Moderate 

P006 M 23 183.0 89.0 26.6 7278 High 

P007 F 25 163.0 61.5 23.1 8625 High 

P008 M 22 162.0 66.4 25.3 4293 High 

P009 F 24 166.0 54.0 19.6 4548 High 

P010 F 28 158.0 68.0 27.2 7236 High 

P011 M 26 172.0 81.3 27.5 5706 High 

P012 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 

P017 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 24 participants, seven did not reach 95% of age-predicted HR and one did 

not reach the required RPE (i.e., between 16-20). The remaining 17 participants met the 

criteria for a GXT. A range of PPO values were obtained (128 to 360 W) with the 

average PPO being 236.2  52.8 W. Details pertaining to the GXT for individual 

participants are shown in Table 5.  
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Table 5. Summary of individual GXT results. 

ID PPO (W) 

Time of 

Test 

(min:sec) 

HRmax 

(bpm) 

95% of 

age 

predicted 

max 

Max RPE 

True 

GXT? 

Y/N 

P001 198 8:58 203 183 19 Y 

P002 210 9:00 196 180 19 Y 

P003 238 9:37 193 183 20 Y 

P005 206 8:20 197 178 18 Y 

P006 337 12:49 176 182 19 N 

P007 226 8:20 190 181 20 Y 

P008 211 9:02 203 183 20 Y 

P009 201 8:05 175 181 18 N 

P010 236 9:43 175 179 16 N 

P011 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 

P017 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 

Note: Age-predicted HR was determined using the following equation 206.9 – (0.67 x 

age) by Tanaka et al., 2001.  

5.3 Moderate-Intensity Exercise  

Intensity of the AE session ranged from 77 W to 216 W with the average PPO for 

the moderate-intensity AE being 141.8  31.7 W. Participant RPE scores ranged from 10-

19 during the session. During AE, three participants were unable to maintain the 

prescribed AE intensity and requested that the intensity be decreased. The average HR for 
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participants during moderate-intensity AE was 160 bpm and ranged from 138 to 179 

bpm. Table 6 reports individual participant data related to the moderate-intensity AE 

intervention.  

Table 6. Summary of moderate-intensity AE results for each participant. 

Participant 

# 

60% PPO 

(W) 

Days since session 

1 

Average HR 

(bpm) 

RPE 

range 

P001 119 3 172 13-15 

P002 126 2 174 13-17 

P003 143 2 158 13-16 

P005 124 2 161 13-14 

P006 202 8 158 13-17 

P007* 136 6 167 13-17 

P008 127 1 172 12-19 

P009 121 2 153 12-14 

P010 142 6 153 11-13 

P011 216 5 163 11-13 

P012 133 3 138 11-14 

P013 138 2 177 13-15 

P016* 125 6 164 14-16 

P017 154 2 179 14-16 

P019 184 2 147 12-17 

P021 129 6 157 12-15 

P022 142 6 157 11-18 

P023 122 7 156 12-15 

P024* 77 3 170 15-17 

P026 143 2 148 13-19 

P027 191 6 156 13-17 

P029 176 7 166 11-17 

P030 130 6 160 10-18 

P034 104 5 146 14-18 

Note: * indicates participants who requested a decrease in intensity. 

5.4 Lactate 

5.4.1 Descriptive Lactate Statistics 

 The average blood lactate concentration ranged from 0.76-3.27 mmol/L, 0.92-

6.06 mmol/L and 0.89-3.47 mmol/L for the Pre, Post, and Post10 timepoints, 

respectively. The average blood lactate concentration prior to exercise was 1.5  0.7 
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mmol/L (Pre), 5-min into the exercise it was 3.9  1.1 mmol/L, and 15-min into exercise 

it was 4.1  1.3 mmol/L. Post-exercise values were 3.0  1.2 mmol/L (Post) and 2.0  0.9 

mmol/L (Post-10). Individual participant data related to blood lactate concentration is 

reported in Table 7.  

Table 7. Average blood lactate concentration at each timepoint for each participant. 

ID Pre 
During AE 

Post Post-10 
5-min 15-min 

P001 0.97 5.32 5.71 5.12 2.90 

P002 1.37 2.41 2.98 4.56 3.30 

P003 1.00 3.42 3.99 2.41 1.48 

P005 1.32 3.13 2.89 1.26 0.91 

P006 1.79 5.74 5.22 3.33 2.47 

P007 2.18 3.76 4.30 3.74 2.24 

P008 0.82 3.78 4.23 2.51 1.52 

P009 2.80 2.16 2.12 3.37 1.13 

P010 2.79 3.55 4.67 2.55 1.46 

P011 1.00 3.42 3.99 2.41 1.48 

P012 0.99 3.67 3.78 2.56 1.45 

P013 1.83 4.01 2.67 0.92 0.93 

P016 2.43 4.33 5.92 1.52 0.93 

P017 0.95 2.81 2.73 1.02 0.89 

P019 1.44 5.26 8.45 6.06 3.47 

P021 0.76 4.42 4.74 2.88 2.73 

P022 1.28 3.94 4.25 3.84 2.07 

P023 1.24 4.92 5.23 3.68 1.84 

P024 1.11 3.82 2.89 2.06 2.48 

P026 0.82 3.22 3.48 2.36 1.64 

P027 1.51 4.75 4.01 3.33 2.84 

P029 3.27 6.84 4.84 3.27 3.08 

P030 1.28 3.00 4.27 2.77 3.23 

P034 1.33 3.44 4.02 3.93 1.34 

 

5.4.2 Change in Lactate Across Time 

Figure 14 provides the average blood lactate concentration from all participants at 

each time point (N=24). Following analysis via a Shapiro Wilk’s test, blood lactate 
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concentration values were determined not to be normally distributed (Pre [p=0.00525], 

Post [p =0.571], and Post10 [p =0.0577]). A log transformation was subsequently 

applied, and re-analysis determined the data were normally distributed (Pre [p =0.0618], 

Post [p =0.109], and Post10 [p =0.0867]). Mauchly’s test for sphericity indicated that the 

assumption was violated (χ2 (2) = 11.536, p < 0.05) and a Greenhouse-Geisser correction 

applied estimates of sphericity (ε = 0.710). Results of the one-way repeated measures 

ANOVA showed the main effect of time (Pre-Post, Pre-Post10, and Post-Post10) was 

significant (F(1.420, 32.669) = 19.750, p < 0.001, η2 = 0.462). Post-hoc comparison 

(Bonferroni adjusted) indicated that the mean score for blood lactate concentration at Pre 

values (M = 1.478, SD = 0.681) was significantly different than Post (Post (M= 2.959, 

SD = 1.213). However, blood lactate values from Post10 (M=1.993 SD = 0.850) did not 

significantly differ from the Pre values. 

 

Figure 14. Average blood lactate concentration 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 participants, and more specifically the frequency with which certain 

blood lactate concentration values were observed within the sample. At 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 Post10, blood 

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

 
Figure 15. Frequency of blood lactate concentration at Pre, Post, and Post10 

Note: Where Pre (blue), Post (red), Post10 (green). BL: blood lactate. The x-axis denotes 

the range of blood lactate values (BL) and the y-axis is the number of participants within 

each range.  
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5.5 CSE Analysis  

5.5.1 Descriptive CSE Statistics 

The AUC data were not normally distributed as per the Shapiro Wilk’s test (Pre 

[p=0.0156], Post [p =0.00296], and Post10 [p =0.00179]). Therefore, a log transformation 

was applied to normalize the data, and follow-up testing confirmed a normal distribution 

(Pre [p=0.914], Post [p =0.199], and Post10 [p =0.127]). Detailed AUC data for each 

participant are shown in Table 8, while Table 9 reports participant’s AUC values for each 

timepoint.  
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Table 8. Average of MEP amplitude at each stimulator intensity for each participant.  

100 110 120 130 140 
 

Pre Post 
Post1

0 
Pre Post 

Post1

0 
Pre Post 

Post1

0 
Pre Post 

Post1

0 
Pre Post 

Post1

0  
Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

P001 
252.4 

(63.1) 

156.6 

(78.5) 

197.4 

(100.

8) 

449.7 

(181.

5) 

265.5 

(37.4) 

362.9 

(189.

8) 

1047.

4 

(256.

6) 

595.3 

(225.

7) 

601.3 

(200.

4) 

1492.

4 

(270.

9) 

1581.

4 

(327.

5) 

1403.

0 

(326.

3) 

2158.

2 

(263.

9) 

1904.

1 

(181.

1) 

1801.

5 

(196.

3) 

P002 / 

380.2 

(379.

5) 

544.1 

(355.

2) 

121.0 

(131.

9) 

606.9 

(665.

0) 

834.1 

(366.

1) 

567.9 

(274.

4) 

2652.

2 

(1207

.2) 

2798.

0 

(12.9) 

919.8 

(324.

5) 

3557.

4 

(937.

1) 

3827.

6 

(1180

.2) 

1748.

3 

(460.

8) 

4293.

0 

(745.

7) 

4039.

1 

(875.

2) 

P003 

246.3 

(193.

2) 

1495.

7 

(2883

.7) 

/ 

1030.

4 

(531.

0) 

1010.

7 

(1096

.4) 

1214.

9 

(617.

1) 

2514.

9 

(794.

6) 

1631.

9 

(781.

2) 

2351.

2 

(757.

3) 

2960.

6 

(678.

6) 

2569.

4 

(478.

8) 

2862.

6 

(860.

1) 

3265.

6 

(764.

5) 

3357.

0 

(1533

.5) 

4003.

3 

(967.

2) 

P005 / / / 

1204.

6 

(620.

4) 

526.0 

(333.

5) 

716.4 

(394.

8) 

1479.

2 

(1010

.3) 

1239.

7 

(960.

5) 

1995.

0 

(1397

.2) 

2726.

0 

(999.

5) 

2759.

8 

(1254

.2) 

3124.

2 

(731.

5) 

4592.

8 

(2153

.7) 

3274.

9 

(1557

.4) 

4396.

4 

(1007

.2) 

P006 / / / 

459.1 

(279.

6) 

388.2 

(354.

1) 

888.1 

(392.

8) 

1387.

4 

(819.

4) 

1280.

1 

(725.

1) 

1729.

6 

(704.

5) 

1675.

2 

(760.

9) 

2713.

2 

(1106

.5) 

2750.

6 

(1176

.5) 

2908.

0 

(1402

.9) 

2885.

1 

(1498

.4) 

576.5 

(999.

9) 

P007 

468.2 

(403.

8) 

399.6 

(280.

1) 

236.2 

(118.

2) 

1151.

0 

(1302

.5) 

914.0 

(443.

0) 

812.9 

(679.

5) 

1945.

6 

(985.

9) 

2242.

7 

(797.

2) 

2101.

0 

(1167

.0) 

3257.

4 

(1203

.6) 

3286.

9 

(1032

.1) 

2803.

8 

(1059

.0) 

3741.

3 

(1350

.1) 

3602.

4 

(1055

.1) 

2622.

9 

(724.

2) 

7
5
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P008 

394.1 

(233.

6) 

282.3 

(140.

9) 

264.1 

(131.

9) 

1164.

8 

(623.

8) 

851.3 

(697.

6) 

510.8 

(336.

7) 

1221.

7 

(581.

4) 

1114.

6 

(747.

6) 

1363.

6 

(260.

3) 

1915.

4 

(993.

0) 

1245.

8 

(616.

6) 

1401.

9 

(346.

1) 

2093.

3 

(679.

1) 

1419.

4 

(396.

0) 

1314.

6 

(406.

8) 

P009 

565.5 

(310.

7) 

464.7 

(544.

2) 

449.8 

(329.

8) 

1877.

9 

(944.

6) 

685.5 

(241.

7) 

1074.

0 

(590.

7) 

2951.

8 

(1227

.3) 

1923.

7 

(717.

4) 

2123.

9 

(1215

.9) 

3778.

7 

(955.

0) 

2913.

6 

(1070

.2) 

3136.

4 

(1277

.2) 

4740.

7 

(580.

8) 

3451.

6 

(574.

7) 

4436.

0 

(619.

3) 

P010 

731.6 

(1112

.3) 

581.3 

(567.

4) 

/ 

2104.

8 

(997.

8) 

948.1 

(633.

7) 

1604.

2 

(993.

3) 

3108.

9 

(1150

) 

2263.

1 

(1270

.8) 

2482.

8 

(1157

.3) 

4594.

8 

(905.

7) 

3335.

9 

(929.

5) 

4016.

4 

(1100

.6) 

5643.

5 

(871.

9) 

3050.

6 

(474.

1) 

3673.

1 

(1203

.4) 

P011 
822.1 

(450.

8) 

341.4 

(133.

2) 

655.9 

(325.

4) 

2992.

2 

(852.

6) 

1052.

2 

(292.

6) 

1980.

3 

(739.

6) 

3366.

9 

(708.

6) 

1716.

3 

(666.

8) 

2716.

0 

(506.

2) 

3154.

1 

(682.

7) 

2383.

3 

(779.

0) 

3177.

1 

(564.

6) 

3737.

9 

(817.

9) 

3288.

4 

(1002

.3) 

4120.

6 

(868.

9) 

P012 / / / 

510.3 

(316.

2) 

637.1 

(330.

3) 

747.9 

(345.

1) 

908.7 

(410.

8) 

1296.

9 

(324.

6) 

949.7 

(349.

9) 

1104.

9 

(624.

2) 

1399.

4 

(502.

7) 

865.3 

(527.

3) 

1089.

3 

(480.

3) 

1586.

8 

(807.

2) 

1188.

9 

(381.

1) 

P013 

638.6 

(525.

8) 

239.8 

(178.

7) 

881.5 

(587.

1) 

1248.

4 

(586.

8) 

1267.

8 

(527.

5) 

1482.

5 

(783.

2) 

3373.

3 

(1325

.7) 

2238.

5 

(896.

8) 

3002.

6 

(554.

8) 

5534.

7 

(860.

8) 

3592.

1 

(1328

.7) 

3587.

8 

(734.

5) 

6570.

1 

(954.

0) 

5077.

4 

(893.

6) 

4182.

8 

(753.

9) 

P016 

1781.

4 

(1831

.0) 

2561.

3 

(1676

.7) 

3703.

0 

(1364

.5) 

5993.

9 

(1211

.2) 

4260.

3 

(943.

2) 

5089.

7 

(1592

.7) 

6962.

0 

(1599

.8) 

5660.

8 

(844.

1) 

6786.

4 

(1237

.8) 

8165.

8 

(921.

3) 

5824.

2 

(854.

3) 

7719.

3 

(1057

.4) 

8399.

9 

(765.

1) 

6891.

7 

(1574

.3) 

7752.

8 

(674.

7) 

7
6
 



 77 

P017 / 

596.2 

(388.

5) 

627.4 

(285.

5) 

902.4 

(631.

8) 

2245.

0 

(850.

2) 

2324.

0 

(777.

3) 

1810.

1 

(604.

9) 

4173.

6 

(1687

.7) 

3222.

0 

(664.

5) 

2254.

5 

(718.

9) 

3728.

1 

(1421

.6) 

4390.

5 

(1164

.4) 

2796.

8 

(827.

2) 

4421.

53 

(1265

.5) 

4336.

4 

(762.

1) 

P019 

2328.

5 

(1991

.4) 

3656.

4 

(1573

.7) 

4527.

9 

(1411

.2) 

6072.

4 

(1363

.9) 

5633.

1 

(1880

.1) 

6614.

4 

(2144

.9) 

7067.

9 

(1043

.2) 

6509.

0 

(1200

.9) 

6977.

2 

(897.

4) 

7663.

8 

(951.

7) 

7384.

2 

(1178

.0) 

7861.

7 

(299.

1) 

8066.

1 

(467.

8) 

7573.

4 

(768.

9) 

7999.

7 

(7383

.0) 

P021 

976.1 

(618.

5) 

1037.

5 

(556.

4) 

2001.

2 

(763.

3) 

3125.

3 

(1731

.1) 

2851.

9 

(1927

.0) 

4687.

8 

(1308

.2) 

4421.

9 

(2036

.4) 

5041.

2 

(1581

.3) 

6581.

0 

(1285

.6) 

6886.

2 

(1172

.4) 

6147.

7 

(1352

.5) 

7432.

02 

(1441

.7) 

6320.

9 

(2621

.1) 

6803.

0 

(1105

.9) 

7672.

2 

(793.

9) 

P022 
346.9 

(361.

7) 

245.5 

(331.

7) 

607.4 

(631.

7) 

1185.

5 

(701.

5) 

562.4 

(413.

7) 

1108.

6 

(594.

5) 

1643.

0 

(660.

2) 

756.3 

(343.

2) 

1699.

8 

(619.

2) 

2695.

4 

(697.

1) 

1581.

8 

(781.

4) 

2140.

8 

(919.

4) 

2182.

8 

(562.

6) 

1912.

1 

(1133

.2) 

2483.

2 

(785.

2) 

P023 

217.1 

(195.

4) 

186.0 

(256.

2) 

517.5 

(847.

5) 

641.1 

(333.

3) 

446.0 

(250.

6) 

908.5 

(456.

5) 

1003.

4 

(654.

8) 

1294.

5 

(757.

6) 

1539.

8 

(1031

.2) 

2689.

9 

(830.

8) 

1950.

3 

(1361

.5) 

2174.

0 

(929.

4) 

3006.

1 

(848.

2) 

2137.

2 

(1083

.7) 

3061.

0 

(33.5) 

P024 

736.0 

(774.

7) 

1061.

2 

(910.

7) 

1038.

4 

(649.

6) 

1718.

4 

(702.

2) 

2332.

8 

(1258

.5) 

2467.

5 

(1108

.4) 

4219.

7 

(1406

.6) 

6358.

2 

(2187

.8) 

5973.

6 

(2319

.7) 

6117.

3 

(2084

.9) 

7813.

5 

(2089

.1) 

7777.

6 

(1879

.2) 

8594.

2 

(816.

7) 

9466.

3 

(379.

6) 

9287.

1 

(701.

3) 

P026 

176.6 

(138.

9) 

358.7 

(377.

2) 

630.0 

(629.

2) 

1833.

7 

(1400

.1) 

2390.

4 

(1167

.9) 

1782.

9 

(480.

4) 

2597.

5 

(891.

6) 

4046.

4 

(1411

.7) 

3651.

2 

(1486

.6) 

3070.

2 

(847.

1) 

5193.

6 

(1209

.6) 

5006.

7 

(1513

.9) 

4693.

6 

(1159

.4) 

5445.

6 

(1520

.5) 

7007.

69 

(941.

08) 

7
7
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P027 
79.3 

(76.5) 
/ / 

547.0 

(411.

5) 

224.5 

(104.

0) 

615.4 

(656.

0) 

1713.

9 

(1127

.7) 

812.6 

(410.

3) 

1068.

8 

(859.

0) 

3362.

1 

(2105

.6) 

1473.

5 

(484.

7) 

2304.

9 

(936.

1) 

5485.

5 

(1376

.7) 

1943.

1 

(493.

2) 

2788.

8 

(864.

0) 

P029 

273.8 

(299.

5) 

447.4 

(404.

8) 

658.1 

(632.

5) 

1206.

4 

(1003

.7) 

832.1 

(505.

6) 

1880.

3 

(1084

.0) 

2992.

1 

(1207

.2) 

2374.

5 

(1107

.8) 

3714.

5 

(1072

.3) 

5210.

0 

(44.1) 

3297.

4 

(494.

0) 

3369.

3 

(596.

1) 

5431.

7 

(1256

.7) 

3850.

5 

(983.

2) 

4472.

4 

(1852

.1) 

P030 / 
136.5 

(97.0) 

896.8 

(1395

.9) 

1081.

8 

(1207

.5) 

1682.

9 

(1617

.0) 

2100.

5 

(1469

.5) 

5996.

9 

(1859

.5) 

6458.

1 

(1561

.7) 

6779.

2 

(628.

1) 

6694.

4 

(627.

1) 

6305.

8 

(939.

2) 

6576.

4 

(711.

8) 

7005.

2 

(555.

0) 

6315.

5 

(1036

.6) 

6727.

0 

(808.

3) 

P034 

853.6 

(429.

4) 

976.9 

(798.

8) 

680.8 

(576.

9) 

1107.

4 

(456.

0) 

841.5 

(5.6) 

1177.

6 

(729.

4) 

1353.

2 

(431.

6) 

953.9 

(385.

6) 

767.5 

(484.

7) 

1224. 

(303.

3) 

1499.

5 

(752.

3) 

1122.

7 

(449.

1) 

1271.

0 

(267.

7) 

1599.

4 

(1033

.8) 

972.0 

(523.

5) 

Note: / indicates data that were omitted due to not meeting the MEP requirements (<5/10 MEP amplitude greater than 50 V), data 

were then extrapolated using statistical software during the equation of the AUC using the S-R curve data.

7
8
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Table 9. Average AUC values at Pre, Post and Post10 for each participant. 

ID Pre Post Post10 

P001 4195 3472 3590 

P002 2422 9153 9462 

P003 8262 7638 6487 

P005 7104 5900 5995 

P006 4746 5630 5880 

P007 8459 8445 8262 

P008 5546 4062 3713 

P009 11262 7481 7862 

P010 12996 8363 7926 

P011 11793 6967 8052 

P012 2813 3808 3864 

P013 13761 9757 10293 

P016 26212 20472 21872 

P017 5914 12656 12750 

P019 26001 25141 26558 

P021 18082 17961 20279 

P022 6789 3979 4706 

P023 5946 4852 5481 

P024 16721 21768 21891 

P026 9936 14533 14061 

P027 8404 3370 3938 

P029 12261 8653 9807 

P030 16735 17673 18470 

P034 4747 4583 3894 

5.5.2 Change in CSE Across Time 

Mauchly’s test revealed the assumption of sphericity was violated (χ2 (2) = 

49.302, p < 0.001) and a Greenhouse-Geisser correction applied estimates of sphericity (ε 

= 0.528). The repeated measures one-way ANOVA revealed the effect of time (Pre-Post, 

Pre-Post10, and Post-Post10) was not significant (F(1.056, 24.292) = 0.361, p = 0.565, η2 

= 0.015). Figure 16 shows the S-R curve obtained at each timepoint.  
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Figure 16. S-R curve at for each timepoint. 

This plot depicts the S-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 participants at the 

Pre, Post, and Post10 timepoints. Specifically, the figure includes the frequency of 

participants within a range of AUC values. At Pre, 8 participants AUC value fell between 

5000 and 10 000 (a.u); at Post, 10 participants AUC values ranged from 5000 to 10 000 

(a.u.); and at Post10, 10 participants AUC values ranged from 5000 to 10 000 (a.u.).  
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Figure 17. 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 units. The x-axis denotes range CSE values (AUC) and 

the y-axis is the frequency of participants who experienced a specific range of CSE.  

 

5.6 Relationship Between Blood Lactate Concentration and CSE 

The relationship between blood lactate concentration and CSE was assessed 

through a simple linear regression. The model included the change scores of blood lactate 

concentration from Pre-Post, Pre-Post10 and Post-Post10 as predictors of the change in 

CSE between the same time points (expressed as change in AUC values). The 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 errors were normally distributed, using Shapiro-

Wilks test. The plots associated with each are included in Appendix H, I and J.  

 

 

Figure 18. Linear regression model of blood lactate and CSE.  

This figure depicts the results of a change () in blood lactate concentration (BL) plotted 

against a change () in CSE. (For A) Pre-Post AE; B) Pre-Post10 AE; and C) Post-

Post10. Note the y-axis 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) from Pre-Post exercise. The fitted regression model was: CSE = -

54.99 ± -379.02×(change in BL concentration) and the overall model was not statistically 

significant (R2 = 0.02184, F(1, 22) = 0.4913, p = 0.4907). Figure 18 (B) shows the 

relationship between change in lactate concentration and CSE (AUC values) from Pre to 

Post10. The regression model was CSE = -19.51 ± -448.69×(change in BL concentration) 

and the overall model was not statistically significant (R2 = 0.02121 F(1, 22) = 0.4767, p 

= 0.4971). Finally, Figure 18 (C) depicts relationship between change in lactate 
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concentration and CSE (AUC values) from Post to Post10. The fitted regression model 

was: CSE = 492.7 ± 131.5×(change in BL concentration) and the overall model was not 

statistically significant (R2 = 0.02163 F(1, 22) = 0.4864, p = 0.4992). Overall, the 

regression models showed no relationship between change in blood lactate concentration 

and change in CSE between any of the timepoints following a moderate-intensity 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 in healthy participants, however the mechanisms underlying this effect continue to 

be explored. From the work performed to date it is clear there is variability in the 

response to AE across participants and studies. To understand how AE may influence 

CSE, it is important to understand the mechanisms of AE and how it changes the 

concentration of metabolites in the body, in-turn altering excitability. By exploring the 

role of blood lactate concentration on CSE, we were able assess if lactate is involved in 

altering CSE. In randomly sampling participants we aimed to have a range of fitness 

levels and thus a range of responses in relation to lactate concentration (i.e., we suspected 

that some participants would be exercising at intensities in which lactate would 

accumulate and others may not), thus allowing us to assess whether lactate is a factor in 

altering CSE and possibly providing further explanation for the variability seen in 

previous literature. 

We suspected that following a single-bout of moderate-intensity AE participants 

would experience an increase in CSE assessed via a S-R curve (expressed as an upward 

shift of the S-R curve from Pre-Post and Pre-Post10). Our results do not support our 

hypothesis and indicates 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 related to lactate 

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 moderate-

intensity AE (Baltar et al., 2018; El-Sayes, Harasym, et al., 2019; Garnier et al., 2017; 

Lulic et al., 2017a; MacDonald et al., 2019) however, metabolic by-products of exercise 

have not been assessed in these studies. Understanding how metabolic by-products such 

as blood lactate accumulate during AE could be useful in determining underlying 

mechanisms associated with changes in CSE following AE and could help to provide 

specific reasoning for variability we see among participants and in the previous literature. 

The previous work examining the effects of a change in blood lactate concentration on 

CSE included exercise interventions that were exhaustive in nature (Coco 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). To our knowledge, blood 

lactate concentration has not been assessed as a potential factor contributing to changes in 

CSE during bouts of steady-state moderate-intensity AE. This is despite the previously 

mentioned evidence supporting moderate-intensity AE’s role in increasing CSE. 

Therefore, this study sought to examine the effects of altered blood lactate concentration 

following a single bout of moderate-intensity AE and its relationship with CSE. 

Secondly, the study sought to determine if moderate-intensity AE in general increased 

CSE. Our hypothesis suggests that with an increase in blood lactate concentration an 

increase in CSE (i.e., from Pre-Post and Pre-Post10) would be seen, while in some 

instances CSE may remain unchanged due to lower levels of lactate concentration in the 

blood.  

 There was no relationship between CSE and an AE-induced alteration in blood 

lactate concentration. The 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 by (Singh & Staines, 2015) who report that 

alterations in CSE may be occurring due to changes in cerebral blood flow and, altered 

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

6.2 Does a Relationship Between CSE and Blood 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 hypothesis was accepted (Figure 18). Previous literature has shown variability 

among results wherein the presence of increased blood lactate concentration, CSE tends 

to increase, while in other instances changes in CSE are not seen (Coco et al., 2010a, 

2014; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 2016). Our results show 

variability amongst participants exists, similar to what has been shown in the literature 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 steady-state moderate-intensity exercise 

as an intervention. However, in exercise studies examining the impact of blood lactate 

concentration on CSE, exhaustive exercise interventions have been used (Coco et al., 

2010a, 2014; Moscatelli, Valenzano, Petito, Triggiani, Ciliberti, et al., 2016). The use of 

exhaustive exercise allows for a greater accumulation of lactate in the blood, whereas 

with moderate-intensity AE, the accumulation of lactate may vary. In understanding that 

moderate-intensity AE may modulate CSE, a moderate-intensity 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 pre-post intervention (Coco et al., 2010a). 

The BL increase reported by Coco et al., (2010a) 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. It is unlikely to have lactate concentration increase exponentially during 

moderate-intensity AE. We expected our participants to come from a diverse background 

of training experience, meaning that their physiological response to moderate-intensity 

AE would be variable across participants. It is possible that a 20-min bout of moderate-

intensity AE was not enough to produce a change in blood lactate concentration that 

could alter CSE in some participants, while inducing a rise in others due to exercising at 

an intensity at, or higher than their lactate threshold.  

Notably, within (Coco et al., 2010a), participants were also injected with an 

intravenous dose of a lactate solution, which increased the concentration of lactate in 

their blood to 2.65 mmol/L immediately post infusion, and reached a peak (average) 

value of 4.45 mmol/L 5-min 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 (indicating an increase in CSE). It is 

worth noting that an intravenous dose of lactate is not synonymous with accumulation of 

lactate in the blood observed during an exercise intervention. These 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 

exercise, which further explains the low blood lactate concentration observed in our study 

in other words, our study lacked participants who were less aerobically fit. It is likely 

that, depending on how aerobic or anaerobically trained our participants were, the 

accumulation of lactate in the blood varied. Given this, some participants could have 

been exercising below their lactate threshold, resulting in 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 their system. Table 

7 highlights the average blood lactate concentration at each timepoint for each 

participant. At 15-min into AE, 14 participants had a blood lactate concentration that was 

> 4.0 mmol/L, and immediately at the cessation of AE (Post), 3 participants blood lactate 

concentration remained around 4.0 mmol/L. By 10-min post AE (Post10) all participants 

blood lactate concentration had returned 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 levels through metabolic processes prior to the delivery 
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of the single-pulse 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 

self-reported as more physically active experienced increases in CSE compared to those 

who self-reported as less physically active. However, one caveat to Lulic et al., (2017) 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 accumulate. Though, based on understanding how blood lactate accumulates 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 low physically active 

category did not experience changes in CSE. Interestingly, previous work from our 

laboratory has shown that aerobic fitness (assessed via V̇O2max) is not a predictor in CSE 

(MacDonald et al., 2019), which supports the idea that individual variability in regards to 

the percentage of energy systems used (i.e., the ratio between aerobic and anaerobic 

energy systems during AE) and should be considered when questioning the effects of AE 

on CSE and 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 question as to what mechanism is underlying the change in 

CSE resulting from a bout of AE. Firstly, we question if the relationship between lactate 

and CSE is linear, or whether it is non-linear in 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 knowledge, whether a non-linear 
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relationship between lactate and CSE exists has yet to be examined. Secondly, emerging 

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 long-term potentiation (Müller et al., 2020). Physical 

activity and exercise are associated with an upregulation of BDNF. 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 

exercise (Müller et al., 2020). Though not fully understood, it is hypothesized that BDNF 

may interact with lactate through increased NMDA receptor activity (Müller et al., 2020; 

Yang et al., 2014b). Based on the results of the current study, increased lactate 

concentration may not be the linking step between AE and increased CSE, however 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 Lactate and CSE Following Moderate-Intensity AE 

Our results indicate that a significant change in blood lactate concentration was 

observed from Pre-Post exercise and between the two post-exercise 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, participants blood lactate concentration at baseline (Pre) was 

1.5  0.7 mmol/L, increasing to 3.0  1.2 mmol/L immediately following AE, with a 

decrease to 2.0  0.9 mmol/L at the 10-min 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, which is 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 appear to be exercising at an intensity above their lactate 

threshold support the idea that blood lactate concentration can increase in regards to time 

despite no change in work rate (Bentley et al., 2001; E. W. Smith et al., 1998). Despite a 

statistically significant increase in blood lactate following AE, it is possible that the 

increase was not substantial enough for all participants to truly induce changes in the 

brain on a chemical level, further denoting the inter-individual variability found within 

the current study. Regardless, even in participants who accumulated lactate at a greater 

intensity than others, no change in CSE was observed. 

Despite our efforts to obtain a sample that included participants with varying 

levels of aerobic fitness, it is likely most of our participants were not exercising at an 

intensity or duration where lactate accumulated and suggests that our participants as a 

group were more aerobically fit than anticipated. Within our dataset, only one participant 

experienced a change in lactate concentration greater than 4 mmol/L from Pre- to Post-

exercise. Figure 19 highlights the change in blood lactate concentration from Pre to Post 

and the frequency these changes occurred across participants. While there is spread in the 

data related to change in blood lactate concentration, the highest frequency of change was 

found in the 1-3 mmol range, which is considered below the concentration to be 

considered exceeding LT. 
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Figure 19. The frequency of the change in blood lactate concentration from Pre – Post. 

Note: The x-axis denotes range in blood lactate scores in mmol/L and the y-axis 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 timepoints. Figure 20 shows the change in CSE and the frequency of 

participants to experience these changes across participants. As observed in Figure 20, 17 

participants experienced a decrease in CSE following a bout of moderate-intensity AE, 

with only 7 participants experiencing an increase in CSE.  



 93 

 
Figure 20. The frequency of the change in CSE from Pre – Post. 

Note: The x-axis denotes range CSE values (AUC) and the y-axis is the frequency of 

participants who experienced a change in CSE.  

 

 It is expected that 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 is less aerobically trained. A primary finding from (Lulic et al., 2017a) 

indicated that individuals who reported higher physical activity (in METs per the IPAQ) 

experienced an increase in CSE following a 20-min bout of moderate-intensity AE, while 

those reported as having low levels of physical activity reported no changes in CSE. This 

finding is contradictory to our a 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 increase in CSE. One caveat to 

Lulic et al., (2017) was their use of the IPAQ for determining physical activity level. The 

IPAQ only quantifies the amount of physical activity participants completed in the last 7 

days and fails to quantify the types of activities, such as aerobic vs. anaerobic activities.  
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 As detailed above, prior work from our laboratory, considered aerobic fitness in 

relation to the effect of AE on CSE, finding that fitness level (V̇O2max) was not a predictor 

of change in CSE (MacDonald et al., 2019). This result is somewhat contradictory to that 

of Lulic et. al., (2017a) and led to the question of 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 in increasing CSE as previously shown in the 

literature (Coco et al., 2020), or 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 moderate-intensity AE caused a global increase in CSE 

however, per our results no change in CSE was observed (Figure 16). Previous literature 

primarily supports the use of moderate-intensity AE for increasing CSE, however 

between-study variability exists. Our study indicates that there is variability in the 

response to AE between our participants. In some instances, participants experienced 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 observed (Lulic et al., 2017a; MacDonald et al., 2019), however in others, no 

change was documented (McDonnell et al., 2013; Neva et al., 2017). In work completed 

by McDonnell et al., (2013), no change in CSE was observed following bouts of low-, 

moderate-, and vigorous-intensity AE. Similarly, Neva et al., (2017) found that following 
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a 20-min bout of moderate-intensity 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 example, (El-Sayes, Turco, et al., 2019) examined the effects of sex hormones 

on CSE. Participants completed a 20-min bout of moderate-intensity AE (65-70% of 

HRmax), and MEP recruitment curves (S-R curves) 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 

baseline testing to determine sex hormone and BDNF (plasma and serum) concentrations 

(El-Sayes, Turco, et al., 2019). As 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 to significantly influence the brain’s response to 

AE. Given that BDNF levels were not measured following exercise, it is difficult to know 

if BDNF played a mediating role in increasing CSE (El-Sayes, Turco, et al., 2019). Given 

that the current literature hypothesizes that BDNF is involved in processes related to 

increasing CSE, future work could focus on this area of study (Müller et al., 2020).  

In some instances, intracortical networks (i.e., excitatory/inhibitory changes 

which could manifest as changes in CSE) were examined using paired-pulse TMS (i.e., 

SICI, LICI, ICF) rather than single pulse measures (i.e., S-R curve). Measures of SICI, 

LICI and ICF allow for exploration of inhibitory and excitatory intracortical networks 

within M1. Single-pulse measures are typically used to assess cortical reactivity (i.e., how 

the cortex responds to stimuli) while paired-pulse measures examine the inhibition and 

facilitation of intracortical networks (i.e., receptor activity). Though the current study did 
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not examine intracortical networks, it is possible that changes in inhibitory and excitatory 

mechanisms could exist following moderate-intensity AE. For example, (Singh et al., 

2014) followed a similar exercise protocol (65-70% of HRmax for 20-min of stationary 

cycling) and measured single- and paired-pulse TMS immediately following the AE 

intervention and then 30-min after. The results showed that change in S-R curve data 

were not significant between timepoints (Pre-Post1, and Post1-Post2), like the results of 

the present work. However, Singh et al., (2014) did show that SICI decreased 

significantly from pre-post exercise while ICF showed a significant increase from pre-

post exercise. The single-pulse TMS measures do not support a change in CSE, however 

a decrease in SICI is indicative of a change in intracortical network activity.  These 

results indicate that AE does not always manifest as a direct change in CSE, however can 

cause a change in intracortical networks through alteration of receptor activity in the 

brain signifying that exercise can be used to modulate neurotransmission (Singh 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 observed (Mang et al., 

2013). To this end, Singh and colleagues’ findings indicate 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 GABAA receptor activity 

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

of the post-synaptic neuron. Reducing inhibition in this manner effectively increases the 

excitability of the neuron, moving its resting membrane potential closer to the threshold 
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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 AE (Mang 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) and that 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, the participants in the study completed a GXT through 

which PPO was determined; however, given that V̇O2max testing is the gold standard of 

exercise testing, it would have been beneficial to determine V̇O2max to ascertain 

participants aerobic fitness level as this could have been used as a covariate in the 

analysis. Given that the premise of our study was to show individual variability following 

AE, we did not determine their fitness levels, rather we anticipated recruiting participants 

with a wide range of fitness levels. It would 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 protocol but did not determine participants lactate threshold. As a result, 

we were unable to determine if participants were truly exercising below, at, or above their 

lactate threshold. Determining lactate threshold could have been performed during 

V̇O2max testing, which for reasons related to feasibility we were unable to perform. As 

above, through a random sample of individuals we anticipated varying 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 not measure lactate threshold, we can’t 

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 

that all the participants 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 great extent. A caveat to conducting research involving physical activity is 

that individuals who self-refer tend to already be physically active. It is likely that we did 

not recruit enough participants who considered themselves to be untrained given the 

nature of completing an exercise study.  

6.6 Future Directions  

It is vital that future work include assessment of aerobic fitness via V̇O2max testing 

and in-turn 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 CSE. It 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 accumulation and CSE. Secondly, 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 neurorehabilitation. Specifically, 

if BDNF and lactate interact to facilitate changes in plasticity. Future research in this area 

should focus on including lactate threshold testing, and AE interventions at intensities 

above, below and at each participants threshold. Lastly, given that in studies where 

increases in CSE were not seen with single pulse TMS measures (i.e., S-R curve), but 

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

post measures following AE interventions moving forward. 

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 by-products 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 

moderate-intensity AE do not, as the results indicate no relationship exists between CSE 

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 neuroplasticity and motor 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 

question 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.  

Please read this carefully. Take as much time as you like. Mark anything you don’t 

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  

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 Outline of the Research Study 
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We learn new skills by practicing them over, and over again. This repetitive practice 

allows connections 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 metabolic by-products such as, lactate can 

accumulate or ‘build-up’ in our body. What we don’t understand is why bouts of 

moderate-intensity 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 steady-state bout 

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 this study if you are between 18 and 40 years old and have no 

self-reported history of neurological (brain), cardiovascular (heart), or pulmonary (lung) 

disorders. You must also have normal or corrected-to-normal (that is you wear glasses or 

contact lenses) vision. Additionally, we will ensure you can undergo all the study 

procedures by screening for specific conditions (we describe this below).  

Inclusion criteria:  

1. Individuals aged 18-40.  

2. Suitability to perform exercise safely (as assessed by the PAR-Q+) 

3. Suitability to engage in non-invasive brain stimulation (TMS) 

4. No self-reported 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 index ≥ 30kg/m2 and a waist 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 

questionnaires 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 are ineligible to 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-Q+). The PAR-Q+ will take approximately three 

minutes to complete. The second questionnaire is to determine if you are eligible to 

receive a non-invasive 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 complete. The answers 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, height, weight, 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 commitment of approximately 4 hours. 

All sessions will take place in the Laboratory for Brain Recovery and Function at 

Dalhousie University.  

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

 

Overview of Session: 

 
You will be asked first to complete the screening forms as mentioned above (PAR-Q+, 

TMS screening form and Health History Questionnaire) to verify the information 

provided during screening. The International Physical Activity Questionnaire (IPAQ) will 

be completed during session one. The IPAQ will 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 you will have 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 be set-up to 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 resting heart rate. Then, you will start cycling 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 graded exercise test. 

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 session will last approximately 

60 to 90 minutes.  

TMS 
Familiarization

Graded 
Exercise Test
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During the Brain Activity Assessment Session (Session 2, 150 minutes): 

 

Overview of Session 2: 

 
As you arrive, you will be asked to sit in a reclined position on a chair and the TMS coil 

will be positioned on your head. During 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 hearing from the clicking noises. 

 

After you finish the TMS session, you will complete the 20-minute exercise intervention 

at 60% of your PPO (plus 5-minute warm-up and 5-minute cool-down). 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 

measurements again. This time we will take brain measurements twice, immediately after 

you finish the exercise intervention, and again 10-minutes after exercise. After this is 

done, the testing is completed. In total, this second session will last approximately 150 

minutes. 

 

Study Procedures 

 

Each of the participants will perform the following testing procedures: 

Transcranial Magnetic Stimulation (TMS) 

 

A TMS machine uses electricity to create a magnetic field. TMS 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 creates a flow 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 delivered resulting in a small muscle movement in your 

hand) to measure excitability of your brain. No 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 possible. You will hear a clicking noise as the current flows 

through the coil. When determining the position of the TMS coil, the pulses may cause 

your finger to move. You may also feel some tingling sensations on the head where the 

Pre-Testing
AE 

Intervention
Post-Testing

10-Minute 
Post-Testing
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TMS coil is located. You 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 non-invasive electrodes (like stickers) to the skin over the muscles 

of the hand. 

 

Aerobic Exercise on a Stationary Bike 

 

An exercise intervention will be performed on a stationary cycle; you will be asked to 

cycle at a moderate-intensity relative to your own physiological parameters (the PPO, 

established in session one). This intensity is described as 60% of the individuals PPO. 

The intervention will be 20-minutes in duration, plus a 5-minute warm-up and 5-minute 

cool-down. The warm-up involves participants cycling at a 50 W (watts; power output on 

the cycle) workload for 2 min, then 75 W for minutes 3-5. There will also be a 5-minute 

cool-down period, where participants will cycle at 50W for 3-5 minutes, or until your 

heart rate returns to its resting level. 

 

Watch to Monitor your Heart Rate (‘Polar HR Verity’) 

 

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 ~1-2 drops of blood will be collected. Band-aids® will be made available as 

required. Blood samples will be collected before the exercise intervention (resting value), 

during the exercise intervention at minute 5 and minute 15, at the end of the intervention, 

and 10-minutes following the intervention. At each time point, 3 finger pricks will be 

obtained in order to determine the average 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 position at pre, post and post-10-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 test and 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 may be risks in 

participating in this study that we do not know about yet.   

 



 105 

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 

produces no pain and causes no known short-term or long-term 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 painless, although it can cause tingling or twitching of muscles in the face, which 

may lead to soreness.  

Common risks (1 or more out of every 100 people but less than 1 out of every 10 people 

have experienced the following): 

 

• 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.  

• 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 an event, you will be advised to take whatever pain medication you usually 

take for mild headaches, which in most cases promptly resolves the discomfort.  

You should advise a member of the research team at the first opportunity if you 

experience any neck stiffness 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): 

 

• In rare cases, seizures have been known to occur after TMS.  However, the risk of 

seizure is very low except 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, and precautions will be taken to ensure your 

safety such as removal of metallic objects from your body. Despite these 

precautions, TMS can induce a convulsion even in 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 of subjects have 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 forms of magnetic 
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stimulation that will be used during this study are well within the limits 

recommended by the safety guidelines.  

• In the event a participant does experience a seizure, one of the two investigators 

will remain with the study participant at all times while the other contacts 

Dalhousie Security Services at extension 4109 to inform 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 hearing problems 

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 test is over, or 

shortly thereafter. If these symptoms persist or worsen, investigators qualified in first aid 

response will monitor the participants’ condition and call for medical assistance if 

required. Some solutions to 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 will be considered complete when the heart rate of the participant falls 

below 50% of their age-predicted 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 will 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 every 10,000 people 

but less than 1 out of every 1000 people) it is possible that your skin may be sensitive to 

the conductive 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 ‘prick’ a hole in your skin on one of your fingers. There will be 15 

finger ‘pricks’ performed during session two. This may be slightly painful and feel like a 

quick pinch.  We also may need to apply a slight squeezing pressure on the finger to 

retrieve 2-3 drops of blood. 

 

To minimize the risks associated with this study researchers are trained in Emergency 

First Aid with CPR “C”/AED. 

 

If for any reason we find information that may show 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 honorarium — a gesture of appreciation for volunteering 

your time — 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 presented to the 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: 

• Age 

• Biological sex 

• Information from the study questionnaires 

 

Confidentiality: In order to protect your privacy and keep your participation in the study 

confidential, you will be de-identified 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 and will be stored in a locked cabinet in a secured laboratory 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, password-protected server in 

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

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

 

Data retention: Information 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 

that you will not be identified in any way in our reports. The 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 your identifying 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 test). If you 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 added to the 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 investigator, who is the person in charge of this study. 

 

The principal investigator is Dr. Shaun Boe, telephone: (902) 494-6360 

 

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) 494-1462, or email: ethics@dal.ca 

(and reference REB file # 2020-XXXX). 

 

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 “yes”, you will need to sign the form. 

 

mailto:ethics@dal.ca
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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 joint Rehabilitation Research) 

Student 

School of Physiotherapy  CSEP-CPT     

Dalhousie University    School of Physiotherapy     

(902) 494-6360   Dalhousie University    

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

 

 

I have read the explanation about this study. I have been given the opportunity to discuss 

it and my questions have been answered to my satisfaction. I agree to take part in this 

study. My participation is voluntary and I understand that I am free to withdraw from the 

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

consent form.  

 

 

 

____________________________  __________________________ 

 ___________ 

Name of Participant     Signature of Participant  Date 

  

 

____________________________  __________________________ 

 ___________ 

Name of Investigator     Signature of Investigator  Date 
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Appendix B – Physical Activity and Readiness Questionnaire (2021) 
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Appendix C – TMS Screening Form 

 

 

Version: August 2021 

 
 

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 

questions 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 

 Yes No 

1. Do you have epilepsy, or have you ever had a convulsion or a seizure?   

2. Do you have any hearing problems or ringing in your ears?   

3. Do you have cochlear implants?    

4. Are you pregnant or is there any chance that you might be?   

5. Do you have an implanted neurostimulator (e.g., DBS, epidural/subdural, 

VNS)? 

  

6. Do you have cardiac pacemaker or intracardiac lines?   

7. Do you have a medication infusion device?   

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

If yes, please describe on which occasion: 

 

  

9. 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: 

 

 

  

 

 

 

 

If you answered “yes” to any of the first 7 questions you are not eligible 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 Guidelines. Clin Neurophysiol 132: 269-306.  

 

 

 

 

 

 



 116 

Appendix D – 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 BMI (you will be provided with a calculator):  

BMI = weight (kg) / height (m2) =  ____________ 

 

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 specific (i.e., 

running, swimming, soccer, basketball, etc.) 

__________________________________________________________________

__________________________________________________________________

__________________________________________________________________

____________ 
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Appendix E – 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 the last 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, exercise or sport. 

Think about all the vigorous activities that you did in the last 7 days.  Vigorous physical 

activities refer to activities that take hard physical effort and make you breathe much 

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

minutes at a time. 

 

1. During the last 7 days, on how many days did you do vigorous 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 doing vigorous physical activities on one 

of those days? 

 

_____ hours per day  

_____ minutes per day  

 

Don’t know/Not sure 

 

Think about all the moderate activities that you did in the last 7 days.  Moderate 

activities refer to activities that take moderate physical effort and make you breathe 
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somewhat harder than normal.  Think only about those physical activities that you did for 

at least 10 minutes at a time. 

 

 

3. During the last 7 days, on how many days did you do moderate physical 

activities like carrying light loads, bicycling at a regular pace, or doubles tennis?  

Do not include walking. 

 

_____ days per week 

 

   No moderate physical activities  Skip to question 5 

 

 

4. How much time did you usually spend doing moderate physical activities on one 

of those days? 

 

_____ hours per day 

_____ minutes per day 

 

  Don’t know/Not sure  

 

 

Think about the time you spent walking in the last 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 the last 7 days, on how many days did you walk for at least 10 minutes at 

a time?   

 

_____ days per week 

  

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

 

_____ hours per day 

_____ minutes per day  

 

  Don’t know/Not sure  

 

 

The last question is about the time you spent sitting on weekdays during the last 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, visiting friends, reading, or sitting or lying 

down to watch television. 

 

7. During the last 7 days, how much time did you spend sitting on a week day? 

 

_____ hours per day  

_____ minutes per day  

 

  Don’t know/Not sure  

 

 

This is the end of the questionnaire, thank you for participating. 
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Appendix F – Borg Scale for Rating of Perceived Exertion 
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Appendix G – Guidelines for Interpreting the IPAQ 
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Appendix H – Linear Regression Assumptions for Pre-Post Data 

 

 
Note: The following graphs denote the assumptions for a linear regression model. Top 

left: plots the regression residuals vs. the fitted values. The red line shows a relatively 

even distribution between the predictor (blood lactate) and outcome (CSE) variables. Top 

right: The Q-Q plot shows if the residuals are normally distributed and indicate that there 

is no obvious deviation from the distribution. Bottom left: denotes a scale-location plot to 

confirm homoscedasticity. With a roughly horizontal red line. Bottom right: plots the 

residuals vs. leverage with Cook’s distance. This plot denotes that there are no influential 

cases within the data.  
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Appendix I – Linear Regression Assumptions for Pre-Post10 Data 

 

 
Note: The following graphs denote the assumptions for a linear regression model. Top 

left: plots the regression residuals vs. the fitted values. The red line shows a relatively 

even distribution between the predictor (blood lactate) and outcome (CSE) variables. Top 

right: The Q-Q plot shows if the residuals are normally distributed and indicate that there 

is no obvious deviation from the distribution. Bottom left: denotes a scale-location plot to 

confirm homoscedasticity. With a roughly horizontal red line. Bottom right: plots the 

residuals vs. leverage with Cook’s distance. This plot denotes that there are no influential 

cases within the data.  
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Appendix I – Linear Regression Assumptions for Post-Post10 Data 

 

 
Note: The following graphs denote the assumptions for a linear regression model. Top 

left: plots the regression residuals vs. the fitted values. The red line shows a relatively 

even distribution between the predictor (blood lactate) and outcome (CSE) variables. Top 

right: The Q-Q plot shows if the residuals are normally distributed and indicate that there 

is no obvious deviation from the distribution. Bottom left: denotes a scale-location plot to 

confirm homoscedasticity. With a roughly horizontal red line. Bottom right: plots the 

residuals vs. leverage with Cook’s distance. This plot denotes that there are no influential 

cases within the data.  
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Appendix J – Removal of Outliers Plots and Tables 

 

 

 

 

Timepoint ID Outlier Extreme Outlier 

Pre P025 True False 

Pre P032 True False 

Post P025 True False 

Post P032 True False 

Post10 P031 True True 

Post10 P032 True False 

Post10 P035 True False 

Note: Participants considered outliers were removed from analysis. 

 

 

 

 

 
Note: The boxplot was used to provide visual aid of outliers within the data. Participants 

considered outliers were removed from analysis. 
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