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Abstract 

Cognitive fatigue (CF) is a state of perceived exhaustion arising from sustained mental effort that 

is both commonly experienced and consequential. CF negatively affects a broad range of 

cognitive functions, including working memory, decision making, and attention. It can also 

impair psychomotor performance, such as the ability to generate timely and accurate goal-

directed actions, commonly indexed using reaction time (RT). CF-related psychomotor 

impairments, including slowed RT, may contribute to the risk of accidents or errors across a 

range of activities and occupations, including athletics, transportation, construction, and 

healthcare. Despite this, the mechanisms underlying CF-related psychomotor performance 

deficits remain poorly understood, and there is limited evidence regarding how these 

impairments might be mitigated.  

This thesis addressed these gaps by systematically investigating the effects of CF on 

multiple psychomotor processes contributing to RT performance and evaluating a potential 

intervention to attenuate CF-related deficits. Across four experiments using behavioural and 

neurophysiological approaches, it was found that stimulus perception, response inhibition, and 

motor preparation were largely preserved under CF, with the latter showing evidence of 

compensatory activity. In contrast, response selection was found to be selectively vulnerable to 

CF, with the degree of disruption depending on the overlap in cognitive demands with recent 

fatiguing mental work. Taken together, findings suggest that response initiation could play a 

central role in CF-related RT slowing and may present a key target for future investigation. 

Finally, a fifth experiment provided promising preliminary evidence supporting further 

investigation of transcutaneous vagus nerve stimulation as a non-invasive countermeasure for 

CF-related psychomotor deficits.  
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Overall, this work advances our understanding of the mechanisms underlying CF-related 

psychomotor performance impairment by characterizing the effects of CF across multiple stages 

of psychomotor processing. It also provides preliminary support for tVNS as a potential 

countermeasure for these deficits. These findings may have particularly relevant implications for 

safety-critical environments, where even small delays in responding could increase risk.  
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Chapter 1: General Introduction 

1.1 General Overview 

Cognitive fatigue (CF) is a commonly experienced psychobiological state of perceived 

exhaustion that occurs in response to a sustained mental effort (Leavitt & DeLuca, 2010). Along 

with a marked reduction in mood states, CF has been linked to a range of mental performance 

decrements, including impaired working memory, decision making, and attentional focus 

(Boksem et al., 2005; Farahani et al., 2026; Pessiglione et al., 2025). Importantly, CF also 

impairs psychomotor performance, or the ability to generate timely and accurate goal-directed 

actions, often indexed using reaction time (RT) metrics (Habay et al., 2021; Hindmarch, 2015). 

Given the importance of this ability for safe and effective interaction with our environment, the 

effect of CF on psychomotor performance is particularly worthy of investigation (Habay et al., 

2021; H. Zhou et al., 2025). Indeed, slowed RT in response to CF has been implicated as a risk 

factor in road accidents for both drivers and cyclists, and as a significant workplace hazard in 

many occupations (Fazackerley et al., 2025; Mizuno et al., 2020; Petrut et al., 2020; Zeuwts et 

al., 2021; H. Zhou et al., 2025).  

However, despite these serious implications, there is only a limited understanding of the 

mechanism by which CF impacts psychomotor performance. Psychomotor performance is not 

unitary but instead is thought to reflect a set of component sensory, cognitive and motor 

processes (Czyż, 2021; Hindmarch, 2015). Identifying which components are particularly 

sensitive to CF may be critical in clarifying how CF leads to psychomotor performance 

decrements. Moreover, despite the costs of CF, knowledge of effective and practical ways to 

attenuate its effects on psychomotor performance is lacking. As such, this thesis aimed to first 

characterize the effects of CF on individual psychomotor processes contributing to overall 
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performance (Experiments 1-4), and to subsequently explore an intervention which may mitigate 

CF-related psychomotor performance decrements (Experiment 5).  

1.2 Current Understanding of Cognitive Fatigue 

Fatigue is a multidimensional phenomenon. It has been described as a subjective experience, 

such as an “overwhelming sense of tiredness, lack of energy, and a feeling of exhaustion” (Shen 

et al., 2006, p. 70). It is also sometimes qualified by its behavioural outcomes, as a “reduction in 

performance with either prolonged or unusual exertion” (DeLuca, 2005, p. 320). Alternatively, it 

can be viewed as a physiological state of the muscles and/or central nervous system (Job & 

Dalziel, 2000). Generally, fatigue is a leading reason for which patients seek medical care 

(Maisel et al., 2021; Nicholson et al., 2015). It can be a debilitating symptom of several medical 

conditions and a particularly frustrating side effect of certain medications (Chaudhuri & Behan, 

2004; Delgado-Alonso et al., 2022; Mozuraityte et al., 2023; Pradeep et al., 2025). Notably, 

fatigue may also occur in the absence of any specific pathology, such as following sleep 

deprivation or prolonged mental or physical exertion (“cognitive fatigue” and “physical fatigue”, 

respectively; DeLuca, 2005; Pessiglione et al., 2025).  

Physical fatigue refers to a reduction in the ability to generate muscular force following 

physical effort and is relatively well understood (Tanaka & Watanabe, 2012). In contrast, the 

mechanisms underlying cognitive fatigue (CF) are less evident. While the exact definition of CF 

is often debated (Oliver et al., 2025), it is operationalized here as a psychobiological state of 

perceived exhaustion triggered by a challenging and sustained mental effort (Ackerman, 2011; 

Pessiglione et al., 2025). It is characterized by subjective sensations of fatigue and an aversion to 

continued mental effort, and is sometimes accompanied by reduced ability to meet cognitive, and 

in some cases physical, task demands (Pessiglione et al., 2025; Van Cutsem et al., 2017). 
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Notably, CF is considered distinct from fatigue occurring in sleep deprivation, although the 

resulting sensations of exhaustion may be comparable (Shen et al., 2006). Additionally, CF can 

be a common yet debilitating symptom of several medical conditions, including multiple 

sclerosis (Craft et al., 2025), traumatic brain injury (Ezekiel et al., 2021), and post-stroke 

syndrome (Almhdawi et al., 2021). Even among healthy individuals, CF is difficult to avoid, 

particularly in modern environments. It results from a myriad of everyday activities, from office 

work (Brazaitis & Satas, 2023) and studying (A. P. Smith, 2018), to browsing social media 

(Fortes et al., 2023), playing video games (Faro et al., 2023; Fortes et al., 2023), and 

participating in virtual meetings (McCabe et al., 2023). It is also prevalent in a variety of 

professions including transportation (Jaydarifard et al., 2024; Reis & Canhão, 2013), education 

(Kristiansen et al., 2014), health care (Barker & Nussbaum, 2011; Petrut et al., 2020), and 

construction (H. Zhou et al., 2025). 

Meanwhile, the potential consequences of CF are wide-ranging. It can slow reaction time 

(RT; Habay et al., 2021; Jaydarifard et al., 2019; Langner et al., 2010; Staiano et al., 2024), 

impair decision-making (Gantois et al., 2020; Wiehler et al., 2022), and perhaps even impede 

sensory processing (Jain et al., 2022; van der Linden et al., 2006), among other effects. These 

impacts can be costly and potentially dangerous, contributing to reduced workplace productivity 

(Biondi et al., 2021; Ricci et al., 2007), increased medical errors (Rahmani et al., 2025; Thomas 

et al., 2012), impaired athletic performance (Habay et al., 2021), elevated fall risk (Pitts & Bhatt, 

2023), and an increased likelihood of road or workplace accident (Minusa et al., 2021; Mizuno et 

al., 2020; H. Zhou et al., 2025). Despite this, the biological basis of CF and the mechanisms by 

which it influences human performance are not well understood.  
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1.3 Psychobiological Basis of Cognitive Fatigue  

While no single account is widely accepted, there has been considerable speculation regarding 

the neural, metabolic, and psychological mechanisms that might underlie CF development 

(Pessiglione et al., 2025). According to one outlook (often termed the “functional” or 

“motivational” perspective), CF reflects a cost-benefit calculation that adaptively shifts 

behaviour away from effortful tasks toward less demanding or more rewarding alternatives 

(Boksem & Tops, 2008; Hockey, 2011; Kurzban et al., 2013). This perspective is supported by 

evidence that rewards or incentives can sometimes restore task performance despite subjective 

exhaustion, suggesting that performance capacity may not necessarily be depleted, but rather 

suppressed (Boksem et al., 2006; Herlambang et al., 2019).  

However, critics have argued that instead of tracking CF, motivational changes may 

instead reflect increasing boredom or frustration with prolonged task performance (Pessiglione et 

al., 2025). Furthermore, the performance benefits of external incentives in CF are sometimes 

inconsistent (e.g., Gergelyfi et al., 2015, 2021), indicating that motivational factors alone are 

unlikely to fully explain CF. As such, others have instead advocated for a “biological” or “neuro-

metabolic” perspective, where CF is generated by neural and metabolic changes resulting from 

sustained cognitive control (Pessiglione et al., 2025; Salihu et al., 2022).  

A third possibility is that a complementary blend of these two differing perspectives 

exists. Under this view, CF may begin as a sensation - a “biological alarm signal” indicating that 

cognitive demands are rising toward levels that may eventually become metabolically costly or 

harmful (Ishii et al., 2014; Pessiglione et al., 2025). Depending on factors like task difficulty and 

motivation, performance may initially be maintained via a “mental facilitation system” (Ishii et 

al., 2014). At the same time, fatigue sensations may build due to activation of a corresponding 
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“mental inhibition system” (Ishii et al., 2014). With continued mental effort, potentially harmful 

metabolic changes may begin to emerge (Wiehler et al., 2022), which could trigger further 

enhancement of the inhibition system and/or reduced facilitation (Ishii et al., 2014; Pessiglione et 

al., 2025). Alongside potential performance decrements, this would theoretically result in rising 

discomfort and sensations of fatigue, with the goal of encouraging task disengagement to allow 

metabolic recovery (Ishii et al., 2014). This balance between facilitation and inhibition has been 

termed a “dual-regulation system”, wherein mental fatigue might arise if i) the facilitation system 

is insufficiently activated; ii) activity of the mental inhibition system is increased; or iii) both 

occur simultaneously (Ishii et al., 2014). Notably, other similar integrative accounts have also 

been proposed, including the metabolico-motivational model of CF (MetaMotiF; Pessiglione et 

al., 2025). 

What exactly might drive each component of this dual-regulation system remains unclear. 

Although several brain regions have been proposed to be involved (Salihu et al., 2022), regions 

within the cognitive control network, particularly the anterior cingulate and dorsolateral 

prefrontal cortices, may help drive the facilitation system (Cole & Schneider, 2007; Lorist et al., 

2005; Salihu et al., 2022). The basal ganglia may also contribute, considering their extensive 

dopaminergic connections with cortical control networks (Boksem & Tops, 2008; Chaudhuri & 

Behan, 2000; Tanaka et al., 2014). In terms of neurotransmitter involvement in the facilitation 

system, dopamine has received particular attention (Dobryakova et al., 2013), as dopamine 

signalling may mediate motivational impacts and promote effort maintenance during CF (Lorist 

et al., 2009; Meeusen et al., 2021). Involvement of the locus coeruleus – norepinephrine (LC-

NE) system has also been proposed, potentially via its role in promoting arousal (van der Linden, 

2011). 
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In contrast, the inhibition system has been linked to the insular cortex and default mode 

network regions such as the posterior cingulate cortex (Broyd et al., 2009; Gergelyfi et al., 2021; 

Ishii et al., 2014; Salihu et al., 2022). Activation of this system has been hypothesized to result 

from depletion of some central resource, such as brain glucose (Gailliot et al., 2007) or glycogen 

stores (Christie & Schrater, 2015), or due to accumulation of metabolic byproducts with 

potentially neurotoxic effects, such as adenosine (Holroyd, 2015; Meeusen et al., 2021). 

Adenosine is an inhibitory neurotransmitter that can accumulate in the brain as a result of 

substantive ATP breakdown, which may occur with sustained neural activity and be accelerated 

by intense cognitive effort (Martin et al., 2018; Meeusen et al., 2021). Furthermore, adenosine 

may be hypogenic – promoting tiredness while suppressing the release of excitatory 

neurotransmitters like dopamine (Martin et al., 2018; Porkka-Heiskanen, 1999). Thus, elevated 

adenosine concentrations could dually contribute to CF by both enhancing the inhibition system 

and suppressing the facilitation system.  

More recently, central glutamate accumulation has also been implicated in CF (Wiehler et 

al., 2022). Excess extracellular glutamate can impair neural signalling or become neurotoxic in 

extreme cases (Y. Zhou & Danbolt, 2014). Accumulation of glutamate in the lateral prefrontal 

cortex has been observed following fatiguing day-long mental work and high working memory 

task demands (Wiehler et al., 2022; Woodcock et al., 2018). In line with this, Wiehler and 

colleagues (2022) propose that CF plays an adaptive role in avoiding potentially neurotoxic 

levels of extracellular glutamate, in that sensations of CF may develop in order to discourage 

continued mental effort and allow metabolic recovery.   

Overall, several biological, metabolic, and motivational mechanisms have been proposed 

to contribute to CF development, none of which are definitive (Pessiglione et al., 2025). It is 
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possible that several of these mechanisms operate in parallel, but further study is needed to 

clarify how CF-mechanisms relate to behavioural impacts – including impaired psychomotor 

performance.  

1.4 Studying Cognitive Fatigue 

1.4.1 Inducing Cognitive Fatigue 

Given the prevalence and impacts of CF, there is considerable interest in investigating this 

phenomenon experimentally. Laboratory studies typically induce CF using prolonged, mentally 

demanding tasks. Successful induction is most commonly confirmed by increases in subjective 

ratings of CF, while performance outcomes are assessed either within the fatiguing task itself or 

using a separate measure administered before and after the manipulation (Ackerman, 2011; 

Schampheleer et al., 2025).  

There is no consensus on the optimal task for CF induction. However, commonly 

employed interventions include sustained vigilance paradigms (e.g., psychomotor vigilance task, 

AX-continuous performance test; O’Keeffe et al., 2020; M. R. Smith et al., 2019), working 

memory tasks (e.g., N-back tasks; Borragán et al., 2016; O’Keeffe et al., 2020), and/or response 

inhibition tasks (e.g., Stroop Tasks; Pageaux et al., 2015; M. R. Smith et al., 2019). Other 

interventions that may better reflect real-world fatiguing activities have also been used (Bian et 

al., 2025), such as mathematical problem solving (G. Li et al., 2020; Ung et al., 2020), video 

game play or social media use (Bian et al., 2025), transcription tasks (Englert & Bertrams, 2014; 

Shin et al., 2019), and simulated driving (Guo et al., 2018).  

Overall, paradigms that successfully induce CF are thought to share several common 

characteristics. For instance, the task must be sufficiently challenging and/or performed for a 

long enough duration to induce CF (Borragán et al., 2017; Pessiglione et al., 2025). More 
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difficult mental tasks may require less time to induce CF, while less effortful tasks may need to 

be performed for substantially longer periods to produce a comparable effect (Ackerman et al., 

2010; Borragán et al., 2017; O’Keeffe et al., 2020). This may help explain why CF-inducing 

interventions vary considerably in length, ranging from 10 minutes to over 6 hours, and why CF 

appears to be induced more efficiently when task difficulty is customized to individual 

participant ability (Borragán et al., 2017; Habay et al., 2023; O’Keeffe et al., 2020; Wiehler et 

al., 2022). A lack of breaks or rest periods is also considered an important factor in CF induction; 

conversely, it is typically recommended that excessive boredom should be avoided (Ackerman, 

2011). Although some propose that boredom may actually contribute to CF (Lorist & Faber, 

2011; M. R. Smith et al., 2019), the more widely held view is that boredom is a distinct process 

reflecting a passive “underload” condition. In contrast, CF is considered an active or “overload” 

state occurring when task demands become unmanageable for the available cognitive resources 

or capacity (Ackerman et al., 2010; Pattyn et al., 2008).  

The active form of CF is thought to be best induced, according to Pickering and 

colleagues (2024, p. 51), by tasks that are “challenging and difficult, but at a level that is 

engaging”. Accordingly, it has been suggested that CF-inducing interventions should avoid 

relying on automatic processing and may benefit from combining multiple cognitive 

requirements (Schampheleer et al., 2025). Time pressure may also enhance induction, along with 

a low tolerance for errors, such that lapses in attention are costly to performance outcomes 

(Ackerman et al., 2010). At the same time, interventions should not be so challenging that they 

become discouraging or demotivating, which, like boredom, may confound CF-related effects 

(Pickering et al., 2024; Schampheleer et al., 2025).  
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Despite these considerations, no standardized CF-induction protocols exist, which 

remains a notable challenge for CF research. Recent work has proposed some potential 

guidelines for CF induction (Schampheleer et al., 2025) and compared the effectiveness of 

common CF-inducing interventions (O’Keeffe et al., 2020; M. R. Smith et al., 2019). However, 

further work is still necessary. For instance, it remains unclear how overlapping cognitive 

demands between CF-inducing tasks and subsequent performance metrics (e.g., reaction time 

assessments) may influence the observed effects of CF – an aspect which could have important 

implications for applied CF monitoring and experimental assessment (Brossoit et al., 2023).  

1.4.2 Measurement of Cognitive Fatigue 

Measuring and confirming CF-induction is an additional challenge. Objective performance 

metrics are sometimes considered most optimal (Bryant et al., 2004; Hockey, 2011). This 

includes factors such as response speed, response accuracy, changes to the number of attempts 

made, or the quality of responses (Ackerman, 2011; M. R. Smith et al., 2019). In some cases, 

declines in these metrics within the fatigue-inducing task itself have been interpreted as evidence 

of CF induction. However, an alternative view suggests that CF induction may actually be more 

likely when CF task performance is maintained, as this could reflect more “active” cognitive 

engagement (Schampheleer et al., 2025). Considering this ambiguity, CF is instead often 

assessed using a completely separate outcome measure, typically compared before and after a 

CF-inducing intervention (M. R. Smith et al., 2019; Staiano et al., 2024). This is a viable option 

given that subjective sensations of CF can remain elevated for up to 60 minutes following a 

cognitively fatiguing effort, while impairment of objective (motor) performance typically persists 

for ~20-45 minutes – although notably, this is context dependent (Jacquet et al., 2021; Magnuson 

et al., 2021; M. R. Smith et al., 2019). For instance, a full workday (~6.5 hours) with a greater 
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than average workload has been shown to negatively impact central processing speed into the 

following day (Hernandez et al., 2024).  

In addition to performance outcomes, objective CF measures may also include 

neurophysiological or physiological indices, such as electroencephalography (e.g., ERPs, 

spectral activity; Ismail & Karwowski, 2020; Tran et al., 2020), eye tracking measures (e.g., 

blinks, saccades, pupil size; Bafna & Hansen, 2021), and heart rate variability, which appears to 

increase with time-on-task (Csathó et al., 2024). However, it is notable that interpretation of 

these (neuro) physiological measures in the context of CF can be challenging; for instance, the 

degree to which they reflect general cognitive effort or CF specifically is not always well 

established (Lu et al., 2022; Schampheleer et al., 2025).  

Alternatively, subjective assessments are also used to confirm CF induction. Subjective 

reports of fatigue sensations are the most commonly used confirmation metric, and some would 

argue the most sensitive (Kanfer, 2011; M. R. Smith et al., 2019). These are typically measured 

using validated questionnaires (e.g., Multidimensional Fatigue Inventory, Piper Fatigue Scale, 

Fatigue Assessment Scale; Kunasegaran et al., 2023; Michielsen et al., 2003; Reeve et al., 2012). 

However, these instruments can be long and complex and may include items not applicable to 

experimental CF assessment. Simpler rating scales (visual analog or Likert scales) are therefore 

often preferred, as they are quick to administer and simple to interpret (Schampheleer et al., 

2025; M. R. Smith et al., 2019). These scales may evaluate CF directly (e.g., “How mentally 

fatigued do you feel?” or “How energetic do you feel?”) and may also be used to capture other 

related constructs, like stress level, affect, and motivation (Díaz-García et al., 2022; 

Schampheleer et al., 2025).  
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Broadly considered, subjective assessment is the preferred and most efficient method of 

confirming CF induction. However, given that little data exists to strongly link subjective and 

performance measures of CF (Behrens et al., 2023; Christodoulou, 2005), CF assessment using 

multiple metrics is sometimes recommended (Behrens et al., 2023; Schampheleer et al., 2025). 

However, this must be balanced with practicality and participant burden, which may already be 

elevated. 

1.4.3 Factors Influencing Cognitive Fatigue 

Some determinants of CF, such as task characteristics, task duration, and levels of motivation, 

have already been discussed. However, individual differences may also play a substantial role. 

Individuals are known to differ in their susceptibility to CF – or “fatiguability”, defined as the 

rate at which performance declines under sustained cognitive demand (Bafna & Hansen, 2021; 

Gao et al., 2025). There is some evidence that this inter-individual variability may have a genetic 

basis (Lim et al., 2012); however, it may also be influenced by variables such as age, sex 

assigned at birth, physical fitness level, sleep, diet, and medication use (Behrens et al., 2023; 

Habay et al., 2023).  

Some factors appear to influence CF fairly consistently. Poor sleep quality, insufficient 

sleep duration, certain psychological or neurological conditions (e.g., burnout, depression, 

multiple sclerosis), and sedating medications (e.g., antihistamines) have all been linked to 

increased cognitive fatigability (Ackerman, 2011; Bender et al., 2003; Boolani & Manierre, 

2019; Craft et al., 2025; Schampheleer et al., 2025). In contrast, caffeine and prescription 

stimulants (e.g., methylphenidate) appear to attenuate CF development (Johansson et al., 2015; 

Rogers et al., 2013; Van Cutsem et al., 2018).  
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Meanwhile, the effects of other individual factors are less clear. For example, age-related 

differences are mixed, with some studies showing no differences in CF outcome metrics between 

younger and older adults (Bouche et al., 2025), and others reporting greater fatiguability in either 

older (Wascher & Getzmann, 2014) or younger adults (Bouche et al., 2025; Gilsoul et al., 2024; 

Terentjeviene et al., 2018). Similarly, although performance-based measures of CF appear 

generally unaffected by sex (Jaydari Fard & Lavender, 2019; Kowalski et al., 2022), it is 

important to consider that females do tend to report general fatigue at higher rates than males 

(Pereira et al., 2025). The effects of physical fitness or athletic training level are similarly 

uncertain. On one hand, some studies have demonstrated greater resistance to CF among 

competitive athletes compared with amateurs or non-athletes (Jaydarifard et al., 2019; Martin et 

al., 2016), and improvements in CF resistance following endurance training in previously 

untrained individuals (Filipas et al., 2020). However, others have reported no differences 

between athletes and non-athletes or suggest that the CF-protective effect of fitness level may 

depend on the specific type of athletic training undertaken (Coyne et al., 2021; Van Cutsem et al., 

2019). 

In sum, while individual differences in cognitive fatigability are not fully understood, 

they are an important consideration for experimental assessments of CF, in both study design and 

analytical approaches, particularly when comparing across individuals or groups.  

1.5 Impacts of Cognitive Fatigue 

Cognitive fatigue may have wide-ranging effects on physical performance, sensory processes, 

and cognitive functions. In particular, CF has been shown to impair many mental/executive 

processes, including complex planning (Lorist et al., 2000; van der Linden et al., 2003), working 

memory (Farahani et al., 2026; Jain & Nataraja, 2019), error monitoring and correction (Boksem 
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et al., 2006; Lorist et al., 2005), inhibition of automatic or incorrect responses (Guo et al., 2018; 

Kato et al., 2009), emotional regulation (Grillon et al., 2015), adaptation to novel or changing 

task demands (Petruo et al., 2018; Plukaard et al., 2015), decision making (Fortes et al., 2023; 

Wiehler et al., 2022), and selective attention (Boksem et al., 2005; Faber et al., 2012). Practically, 

these effects may contribute to increased risk of unsafe workplace behaviour in construction and 

mining (Jia et al., 2022; Zhang et al., 2023), as well as elevated likelihood of surgical error (Chan 

et al., 2009; Thomas et al., 2012) and missed perioperative nursing care (Rahmani et al., 2025), 

among other outcomes. 

Cognitive fatigue has further been associated with altered physical performance, such as 

impaired balance control (Pitts & Bhatt, 2023), reduced isometric and dynamic physical 

endurance (Brown et al., 2020; Pageaux & Lepers, 2018), and impaired physical recovery 

(Weiler et al., 2025). Altered lower limb biomechanics have also been observed under CF, 

potentially increasing the risk of falls (Lew & Qu, 2014) and sports-related injury (R. Yang et al., 

2025; Zheng et al., 2025).  

Several studies have additionally reported sensory effects of CF. These include impaired 

speech perception in noise (Jain & Nataraja, 2019), altered auditory temporal processing (Jain et 

al., 2022; Simon et al., 2020), and reduced auditory sensory gating in healthy and clinical 

populations (Linnhoff et al., 2023; van der Linden et al., 2006). Although fewer studies have 

examined the impact of CF on sensory processing outside of the auditory domain, CF-related 

performance changes have been observed in visual search behaviour (Fortes et al., 2025; Zeuwts 

et al., 2021), as well as reductions in the amplitude of early event-related potentials (ERP) 

elicited by both auditory and visual stimuli (Boksem et al., 2005; Faber et al., 2012; Moore et al., 

2017; B. Yang et al., 2013).  
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Of particular relevance to the present thesis, CF has also been shown to impact another 

performance category: psychomotor performance, or the coordination of sensory, cognitive, and 

motor processes used to generate goal-directed movements in response to environmental stimuli 

(Habay et al., 2021; Hindmarch, 2015). Experimentally, the effects of CF on psychomotor 

function are most commonly assessed using reaction time (RT) paradigms, in which participants 

respond as quickly as possible to an externally presented stimulus with the correctly associated 

motor response (Dickens et al., 2024; Hindmarch, 2015). These tasks may be implemented in 

laboratory-based paradigms or in more applied contexts, such as a basketball throwing task or 

sprint start (Dickens et al., 2024; Englert & Bertrams, 2014; Faro et al., 2023; Habay et al., 

2021). In either case, psychomotor performance is typically quantified in terms of response 

accuracy and / or speed, with the latter being defined as the time from stimulus onset to 

movement onset (e.g., force onset), to completion of a response (such as a button press, here 

referred to as displacement RT), or to initial activation of the agonist musculature measured by 

electromyography (i.e., premotor RT; Czyż, 2021; Schmidt et al., 2019).  

Slowed RT is one of the most robustly reported effects of CF and has been used as an 

objective indicator of CF induction in experimental paradigms and as a workplace safety-related 

monitoring metric (Brossoit et al., 2023; Habay et al., 2021; Heng et al., 2024; Karim et al., 

2024). Although increases in RT resulting from experimentally induced CF can be relatively 

modest (e.g., on the order of 20-40 ms; Jaydarifard et al., 2019; Staiano et al., 2024), this effect 

nonetheless may have meaningful consequences in applied settings. CF-related slowing has been 

implicated in impaired performance and heightened accident or injury risk among aircraft pilots 

(Fercho et al., 2024; Jahanpour et al., 2020), marine operators (A. Smith, 2011), construction 

workers (J. Li et al., 2019), drivers (Guo et al., 2018; Wise et al., 2019), military personnel (Head 
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et al., 2017); and athletes (Habay et al., 2021; Schampheleer et al., 2025). Furthermore, 

symptoms of some neuromotor disorders such as Parkinson’s disease and multiple sclerosis 

include both elevated cognitive fatigability and psychomotor dysfunction (Linnhoff et al., 2019; 

Lou, 2009). Improved knowledge of the link between these symptoms may contribute to our 

understanding of the etiology and treatment of these disorders.  

1.6 Research Question 

Despite the clear impacts of CF described above, there is currently only a limited understanding 

of the mechanism by which CF acts to impair psychomotor performance. A more targeted 

investigation of the impact of CF on the central processes that contribute to psychomotor 

performance may help to address this knowledge gap. 

Cognitive fatigue has been shown to affect speed and accuracy across simple RT tasks 

(which feature only one possible stimulus and response), choice RT tasks (which feature multiple 

possible stimuli and associated responses), and go / no-go RT tasks (which feature multiple 

stimuli, only some of which require a response; Guo et al., 2018; M. R. Smith et al., 2019; Xiao 

et al., 2015). From an information-processing perspective, each of these tasks is thought to 

involve one or more stages of central processing that may be susceptible to CF (Czyż, 2021; 

Hindmarch, 2015). These include: i) detection and identification of the imperative stimulus, in 

which sensory input is analysed and an associated meaning is assigned; ii) response selection, in 

which an appropriate action must be chosen based on the identified stimulus pattern; iii) motor 

preparation, involving translation of the abstract idea of the selected movement into an 

actualizable motor command and modulation of motor system readiness; iv) inhibitory control 

processes, which may act to prevent anticipatory release of a highly prepared response or to 

suppress incorrect movements; and v) response initiation at the appropriate time, encompassing 
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central processes that transition a prepared motor state to descending motor output, followed by 

peripheral muscle activation (onset of electromyographic activity) and force generation sufficient 

to produce measurable movement (displacement onset; Czyż, 2021; Rothwell et al., 2021; 

Schmidt et al., 2019). 

Notably, the neural systems and processes involved in translating a stimulus into an 

appropriate response are undoubtedly more complex and interactive than this simplified serial 

processing model suggests (e.g., Haazebroek et al., 2017; Turvey & Fonseca, 2009). 

Nonetheless, this framework is useful for conceptualizing the general psychomotor processes 

that might be negatively affected by CF. It has been proposed that processes involving higher 

levels of executive control, such as response selection, inhibition, and planning, may be more 

sensitive to CF compared to processes requiring more automatic or basic processing demands 

(such as stimulus detection or response initiation; Boksem et al., 2005; Lorist & Faber, 2011; van 

der Linden et al., 2003). Yet, CF-related impairments are commonly reported in simple RT tasks, 

despite the fact that simple RT is typically considered to rely on relatively basic sensorimotor 

processing (Czyż, 2021; Schmidt et al., 2019). As such, the mechanisms by which CF impairs 

psychomotor RT performance remain unclear.  

Given this uncertainty and the potentially dangerous consequences of slowed responding 

in real-world settings, the overarching aims of this thesis are as follows: i) to examine how 

several key psychomotor processes underlying psychomotor RT performance (stimulus 

processing, response selection, motor preparation, and inhibitory control) are impacted by CF 

(Experiments 1-4); and ii) to investigate a potential intervention to mitigate CF-related 

psychomotor performance impairments (Experiment 5). 
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1.7 Overview of Experiments 

 

Fig. 1.1 Conceptual framework of the thesis. Experiments 1-4 assess the effects of cognitive 

fatigue on different psychomotor processes. Experiment 3 additionally helped to refine 

experimental induction of cognitive fatigue and better understand reaction time as a cognitive 

fatigue monitoring/assessment tool. Experiment 5 aimed to explore how the effects of cognitive 

fatigue on psychomotor performance might be mitigated, using non-invasive neurostimulation.  

 

Fig. 1.2 Outline of general methodology. Experiments followed a pre-test – intervention – post-

test design. The intervention was an ~60-minute cognitive task or a control task (documentary 

film viewing). Subjective fatigue / energy level was used throughout as the primary variable to 

confirm successful cognitive fatigue induction. Specific methods are provided in Chapters 2 

through 6.  
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1.7.1 Experiment 1 (Chapter 2) 

Experiment 1 explored the effect of CF on movement preparation in a simple RT task using the 

StartReact Effect. In this paradigm, a high-intensity (115-130 dB) startling acoustic stimulus 

(SAS) presented coincidentally with the go-signal is used to provoke a very rapid, involuntary 

release of a prepared movement (Carlsen & Maslovat, 2026). Preparation level is then inferred 

from the frequency of SAS-triggered movements as well as the magnitude of RT speeding in 

response to SAS compared to lower-intensity control stimuli (Maslovat et al., 2021). Thus, it was 

predicted that if CF impairs movement preparation, we would observe a reduced StartReact 

Effect (slower and less frequent startle-triggered responses) in CF relative to control conditions.   

1.7.2 Experiment 2 (Chapter 3) 

CF-related delays in psychomotor RT may be associated with a different component of 

psychomotor processing, such as perceptual processing of imperative stimuli. In line with this, 

Experiment 2 used a visual inspection time (IT) task to assess the effect of CF on the display 

time required to accurately discriminate a visual stimulus (i.e., to accurately determine which of 

two briefly displayed lines is longest; Vickers & Smith, 1986). We predicted that if CF influences 

the speed of perceptual processing, then longer display durations would be needed for accurate 

discrimination of IT task stimuli in CF relative to control conditions.  

1.7.3 Experiment 3 (Chapter 4) 

Experiment 3 aimed to characterize how CF affects RT performance across tasks with different 

processing demands, including simple, go/no-go, and choice RT tasks. Simple RT was used to 

assess basic psychomotor processing stages, while choice RT and go/no-go RT were included to 

examine response selection and response inhibition processes, respectively (Czyż, 2021). 

Experiment 3 additionally explored whether the effects of CF on psychomotor performance 
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depend on the type of fatigue-inducing mental work. To assess this, simple, go/no-go, and choice 

RT were measured before and after participants completed one of three differing cognitive 

interventions or a control intervention. We predicted that CF would produce greater impairments 

in RT tasks requiring more complex processing (go/no-go, choice), and that these effects may 

vary depending on the overlapping cognitive demands of the fatigue-inducing intervention 

(Persson et al., 2007, 2013). This experiment was interpreted from an applied perspective, with 

emphasis placed on how the findings contribute to understanding psychomotor RT as a CF 

assessment tool in applied and experimental contexts, and to the design of CF-inducing 

experimental paradigms. 

1.7.4 Experiment 4 (Chapter 5) 

While Experiment 1 saw no effects of CF on motor preparation assessed via the StartReact 

effect, a potential explanation is that StartReact responses may be mediated primarily by 

subcortical circuits involving the reticulospinal tract (Carlsen & Maslovat, 2019, 2026; Tapia et 

al., 2022). If CF instead more strongly influences corticospinal mechanisms involved in motor 

preparation, then the StartReact effect may have been an insensitive metric of fatigue-related 

preparatory changes. Thus, Experiment 4 explored the effects of CF on motor preparation 

differently, by examining the effects of CF on corticospinal excitability throughout the 

preparatory period of a simple RT task, using single-pulse transcranial magnetic stimulation 

(Bestmann & Duque, 2016; Kennefick et al., 2014). We predicted that CF would lead to changes 

in corticospinal excitability during the preparatory period relative to the non-fatigued condition, 

such as reduced early activation and minimized pre-movement suppression of excitability 

(Bestmann & Duque, 2016; Hannah et al., 2018). 
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1.7.5 Experiment 5 (Chapter 6) 

Few studies have explored how to mitigate the effects of CF on psychomotor performance 

alongside subjective indications of fatigue. Thus, Experiment 5 assessed whether auricular 

transcutaneous vagus nerve stimulation (tVNS) might be effective for this purpose, as it has been 

shown to lead to elevated alertness and arousal and decreased RT latency in other contexts (Chen 

et al., 2023; Johnson & Wilson, 2018; McIntire et al., 2021). In this pilot experiment, subjective 

fatigue and simple RT were assessed before and after participants completed a 60-min 

cognitively fatiguing intervention, with active tVNS throughout the intervention on one day and 

sham tVNS on another day. We predicted that active tVNS would lead to reduced effects of CF; 

in other words, better RT performance and reduced subjective fatigue was predicted to follow the 

cognitive intervention with active stimulation compared to sham. 
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Chapter 2. Experiment 1 - Slowed Reaction Times in Cognitive Fatigue Are Not 

Attributable to Declines in Motor Preparation 

A version of this chapter has been published: Peters, K. J., Maslovat, D., & Carlsen, A. N. 

(2022). Slowed reaction times in cognitive fatigue are not attributable to declines in motor 

preparation. Experimental Brain Research, 240(11), 3033–3047. https://doi.org/10.1007/s00221-

022-06444-1 

2.1 Abstract 

Cognitive fatigue (CF) can result from sustained mental effort, is characterized by subjective 

feelings of exhaustion and cognitive performance deficits, and is associated with slowed simple 

reaction time (RT). This study determined whether declines in motor preparation underlie this RT 

effect. Motor preparation level was indexed using simple RT and the StartReact effect, wherein a 

prepared movement is involuntarily triggered at short latency by a startling acoustic stimulus 

(SAS). It was predicted that if decreased motor preparation underlies CF-associated RT 

increases, then an attenuated StartReact effect would be observed following cognitive task 

completion. Subjective fatigue assessment and a simple RT task were performed before and after 

a cognitively fatiguing task or non-fatiguing control intervention. On 25% of RT trials, a SAS 

replaced the go-signal to assess the StartReact effect. CF inducement was verified by significant 

declines in cognitive performance (p = .003), along with increases in subjective CF (p < .001) 

and control RT (p = .018) following the cognitive fatigue intervention, but not the control 

intervention. No significant pre-to-post-test changes in SAS RT were observed, indicating that 

RT increases resulting from CF are not substantially associated with declines in motor 

preparation, and instead may be attributable to other stages of processing during a simple RT 

task.  

https://doi.org/10.1007/s00221-022-06444-1
https://doi.org/10.1007/s00221-022-06444-1
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2.2 Introduction 

Fatigue, whether pathological or situational, is a phenomenon that is widely experienced, and is a 

leading reason for which patients seek medical care (Nicholson et al., 2015; Okkes et al., 2002). 

Broadly speaking, fatigue can be considered as a performance reduction that occurs following an 

effortful or prolonged task, whether the task be physical (such as an endurance race) or mental 

(such as taking a difficult math test; DeLuca, 2005; Phillips, 2015). Although the mechanisms of 

physical (e.g., muscle) fatigue are well understood (Tanaka & Watanabe, 2012), cognitive fatigue 

(CF) is a more abstract concept. While no commonly accepted definition of CF exists, it has been 

postulated to occur following a sustained mental effort, and can be characterized by subjective 

feelings of exhaustion, sometimes accompanied by an inability to sustain cognitive performance 

levels (Boksem & Tops, 2008; Leavitt & DeLuca, 2010; Phillips, 2015). Along with a reduction 

in mood states (van der Linden & Eling, 2006) and a decline in general arousal (Boksem et al., 

2005), CF has been associated with a host of mental performance decrements, including 

reductions in working memory capacity (Jain & Nataraja, 2019; Massar et al., 2010), attentional 

focus (Boksem et al., 2005; Guo et al., 2016), error correction (Lorist et al., 2005), response 

inhibition (Kato et al., 2009), and planning (Lorist et al., 2000; van der Linden et al., 2003). 

Moreover, the effects of CF are not limited to mental tasks; increased levels of CF have been 

linked to reduced physical endurance (Van Cutsem et al., 2017), declining sports performance 

(Pageaux & Lepers, 2018), and altered gait control (Behrens et al., 2018; Grobe et al., 2017). 

Several studies have indicated that cognitive performance declines attributable to CF are 

particularly apparent in complex tasks involving high levels of executive control, such as those 

requiring intricate planning and coordination of responses (van der Linden et al., 2003), 

adaptation to novel or changing task demands (Massar et al., 2010; Plukaard et al., 2015), goal-
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directed attention (Boksem et al., 2005; Csathó et al., 2012; Faber et al., 2012) and online 

inhibition of incorrect actions (Guo et al., 2018; Kato et al., 2009). Simpler tasks lacking in 

response variability are considered more resistant to CF, as they are less susceptible to 

deteriorations in executive control that are thought to drive the behavioural effects of CF 

(Boksem et al., 2005; Lorist & Faber, 2011; van der Linden et al., 2003). However, some motor 

tasks requiring little investment of executive control are influenced by CF. Specifically, reaction 

time (RT), or the time required to respond to a stimulus, is thought to represent basic 

sensorimotor processing but nevertheless has been demonstrated to be impaired in states of CF 

(Ferreira Junior et al., 2020; Jaydari Fard et al., 2019; Langner, Steinborn, et al., 2010; Langner, 

Willmes, et al., 2010; Lisper et al., 1977; M. R. Smith et al., 2019). 

An investigation of the effects of CF on RT is particularly important given the common 

nature of CF and the potentially dangerous impacts of slowed RT. Indeed, studies have 

demonstrated that slowed RT in response to CF presents a key risk in road accident occurrence 

(Guo et al., 2018; Zeuwts et al., 2021; Zhao et al., 2012). CF is also a significant workplace 

hazard; slowed RTs due to CF have been implicated in impaired work performance and 

heightened accident risk in a variety of occupational roles, including surgical teams (Petrut et al., 

2020), aircraft pilots (Jahanpour et al., 2020), marine operators (A. Smith, 2011), construction 

workers (Li et al., 2019), and truck drivers (Wise et al., 2019). Furthermore, neuromotor 

disorders including Parkinson’s disease (Lou, 2009), multiple sclerosis (Linnhoff et al., 2019), 

traumatic brain injury (Johansson et al., 2009), and post-stroke syndrome (Chaudhuri & Behan, 

2004) are marked by both CF and motor dysfunction. A deeper understanding of the relationship 

between these two symptoms could inform the etiology and treatment of such conditions. 
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Despite these noteworthy applications, an understanding of the mechanism by which CF acts to 

slow RT has yet to be developed.  

An examination of the effect of CF on the sub-processes that underlie RT could begin to 

address this knowledge gap. Reaction time, or more specifically, premotor RT (i.e., the time from 

imperative stimulus onset to EMG onset in the relevant musculature) in both choice and simple 

RT tasks can be divided into several components of central processing (Donders, 1969; Spijkers 

& Walter, 1985; Taylor, 1976). In a choice RT task, where two or more stimuli are presented and 

multiple responses are possible, premotor RT involves identification of the stimulus type, 

selection of the appropriately coupled response, preparation of the movement, and response 

initiation. On the other hand, in a simple RT task, featuring only one stimulus and a single 

possible response, the imperative stimulus need only be detected rather than identified among 

two or more possibilities. Moreover, because the required response is certain, the correct motor 

program can be selected and prepared in advance of the imperative (go) stimulus, following 

which response initiation can occur (see Klapp & Maslovat, 2020 for review). Although slowed 

simple RT in the presence of CF has been frequently demonstrated (Ferreira Junior et al., 2020; 

Jaydari Fard et al., 2019; Langner, Steinborn, et al., 2010; Langner, Willmes, et al., 2010; Lisper 

et al., 1977; M. R. Smith et al., 2019), it is unknown which stage of central processing (advance 

preparation, stimulus detection or response initiation) is responsible for the observed effect. 

Previous studies have indicated that preparatory activities in cognitive tasks are vulnerable to the 

effects of CF (Lorist et al., 2000; van der Linden et al., 2003), while physical performance 

decrements in response to CF have also been reported (Behrens et al., 2018; Jacquet et al., 2021; 

Pageaux & Lepers, 2018; Van Cutsem et al., 2017). As such, it is possible that impairment of 
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response preparation may underlie CF-related performance decrements in both cognitive and 

motor tasks, including tests of simple RT.   

Several methods can be used to assess the level of motor preparation in advance of a go-

signal, including the presentation of a startling acoustic stimulus (SAS; Carlsen & Maslovat, 

2019). Specifically, a high intensity (115-130 dB) SAS can be used to probe the state of 

preparation during the instructed delay phase of a simple RT task (Carlsen et al., 2004b; Valls‐

Solé et al., 1999). The SAS commonly elicits a startle reflex – a widespread protective response, 

measured objectively via blink responses (Blumenthal et al., 2005) or early onset of muscle 

activity in the sternocleidomastoid (SCM) muscle (Carlsen et al., 2011; Valls-Solé et al., 1995). 

When the SAS is presented at the time of the go-signal in a simple RT task, it can cause an early 

release of the prepared movement, an effect that is independent from stimulus intensity effects 

and has been suggested to reflect the bypassing of usual cortical release mechanisms (Carlsen et 

al., 2007; Carlsen & Maslovat, 2019; V. Smith et al., 2019). This ‘Start-React effect’ can be used 

to index levels of advance motor preparation, in that highly prepared movements result in 

StartReact RTs that are well below those achieved in startle-free voluntary RT trials (e.g., <100 

ms; Carlsen et al., 2004b; Valls-Solé et al., 1995). Moreover, compared to SAS trial responses in 

a state of poorer advance preparation (such as in a choice RT or dual task paradigm), highly 

prepared movements result in an elevated proportion of involuntary response triggering and an 

increased likelihood of eliciting a startle reflex (Carlsen et al., 2004a; Maslovat et al., 2021; V. 

Smith et al., 2019). In the context of the current study, if motor preparatory processes are 

impaired by the inducement of CF, one would expect a diminished StartReact effect; that is, 

compared to baseline (pre-fatigue) measurements, RT on SAS trials would increase, and the 

proportion of SAS trials wherein a startle reflex in the SCM muscle is observed would decline 
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(Maslovat et al., 2012). On the other hand, if CF does not impair the advance preparation of 

movement, the StartReact effect would appear intact, with both SAS RT and the proportion of 

startle reflex responses remaining unchanged.    

The current study aimed to assess whether declines in motor preparation underlie the 

increases in simple RT seen with CF. This was accomplished through evaluation of non-startle 

(control) RT as well as the StartReact effect before and after completion of a sustained 

cognitively demanding task. Cognitive fatigue was induced using a continuous, effortful Math-

Memory task, designed to tax working memory processes and to require consistently high levels 

of vigilance (Ackerman, 2011; M. R. Smith et al., 2019). Changes in voluntary control RT, 

subjective reports of fatigue, as well as changes in cognitive task performance were used to 

confirm inducement of CF following the cognitive task (Christodoulou, 2005), while responses 

to startle stimuli were used to probe the effects of CF on motor preparation (Carlsen et al., 2004a; 

Maslovat et al., 2012). Given the hypothesis that declines in motor preparation underlie slowed 

RT in response to CF, it was predicted that the StartReact effect would be unaffected following 

completion of a non-fatiguing task (watching a documentary film) but diminished following 

completion of a challenging cognitive task (i.e., RT latency on SAS trials would be seen to 

increase following CF task completion, while the proportion of responses demonstrating a startle 

reflex would decline). Findings of this study will contribute to our understanding of the 

mechanism by which CF impairs simple RT, an important endeavour given the commonality of 

CF and the potentially dangerous outcomes of slowed RT. 
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2.3 Materials and Methods 

2.3.1 Participants 

An a priori sample size calculation was determined based on the results detailed by Smith, Chai 

et al. (M. R. Smith et al., 2019), who reported the effect size of cognitive fatigue on simple 

reaction time (partial η2 = 0.441) 1. This analysis determined that a total of 11 participants were 

required to demonstrate observable effects of mental fatigue on simple reaction time. In the 

current study, 22 participants (8M, 14F, mean age = 28.9 years, SD = 9.6) with no history of 

neurological, sensory, or motor dysfunctions gave written informed consent to participate in the 

study. All participants had normal or corrected to normal vision, and were free from any sleep 

disorders, chronic pain, or fatigue syndromes. Participants took part in both non-fatiguing (NF) 

and cognitive fatigue (CF) testing session on separate days at times between 9:00 am and 5:00 

pm, in counterbalanced order. Each session required approximately two hours to complete. Two 

participants were unable to attend both sessions and were therefore excluded. An additional 4 

participants who did not demonstrate objective increases in CF were excluded from subsequent 

analysis (see section 2.5 Data Reduction) leading to a final sample size of 16 participants (6M, 

10F, mean age = 29.4 years, SD = 9.9). 

2.3.2 General Timeline and Set Up 

A schematic timeline for each of the two experimental sessions (days) is shown in Fig. 2.1. Prior 

to beginning each session, participants completed a pre-session questionnaire (similar to that 

presented in Appendix E.1), which recorded several lifestyle factors that could influence RT or 

cognitive fatiguability, including estimates of caffeine intake and number of hours of sleep in the 

24 hours prior to the testing session (Jewett et al., 1999; Knufinke et al., 2018; McLellan et al., 

 
1 Additional specifications for power analysis were as follows: alpha = .05, power = .95, correlation among repeated 

measures = 0 (for a conservative estimate) 
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2016; Rogers et al., 2013). Directly following completion of this questionnaire, participants were 

seated in a comfortable chair, 1.5 m directly in front of a 24-inch LCD computer monitor (Asus 

VG248). All experimental tasks were completed in this position. Experiments began with pre-test 

measurements of subjective CF and a simple RT task used to assess baseline simple premotor RT 

and levels of motor preparation (see section 2.3.4 Pre- and Post-Test). Following baseline 

measurements, participants performed either the CF or NF task, depending on the testing day, 

with each task requiring approximately 1 hour to complete. Following completion of the 

imperative task, subjective CF and RT measures were reassessed. Data collection, as well as 

ordering and presentation of pre-tests, post-tests, and the CF task, were controlled by a custom 

LabVIEW program (National Instruments Inc.).  

 

Fig. 2.1 Experimental timeline. Following the pre-test and prior to the post-test, participants 

completed either the cognitive intervention (in the cognitive fatigue task session) or documentary 

film viewing intervention (in the non-fatiguing task session). CF = cognitive fatigue, NF = non-

fatiguing, RT = reaction time, SAS = startling acoustic stimulus. 
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2.3.3 Cognitive Fatigue and Control Interventions 

 In the CF session, participants performed a cognitively demanding Math-Memory dual task 

designed to optimally induce CF (Ackerman, 2011; M. R. Smith et al., 2019). The CF task was 

presented on the computer screen using a custom LabVIEW program. To complete the task, 

participants were provided with a lap desk along with a wireless keyboard and mouse (Logitech 

MK270). In this task, 7 letters appeared consecutively on the computer screen, for 800 ms each 

with a pause of 500 ms between letters, in a pre-generated sequence. Participants were told that 

they should remember these letters, using whatever mental strategy they wish, but without 

rehearsing the letters out loud. After all letters had been displayed, a series of math problems was 

presented for 45 seconds. In this component of the task, participants were required to use the 

computer mouse to select the mathematical operation that correctly completed the math problem 

presented (e.g., 20 ? 5 = 25; answer = +). Participants were instructed to correctly complete as 

many math problems as possible during the 45 second period. To maintain motivation, 

participants were provided feedback on the number of math problems correctly solved, as well as 

the accuracy of responses. After 45 seconds had elapsed, participants were presented with 7 

blank boxes horizontally aligned in the middle of the computer screen and were instructed to use 

the keyboard to input the remembered letters into these boxes, in the correct order. Immediately 

after the final letter was inputted, the words “Get Ready” reappeared on the computer screen, 

followed 1 second later by 7 new letters, again presented sequentially. The cognitive task 

continued in this manner repeatedly for 60 math and memory dual-task trials (this phase took 

approximately 55-65 minutes to complete). Keypress responses and selected math operators were 

recorded using a custom LabView program. Performance on each trial of the CF task was 
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measured by the proportion of math problems correctly completed as well as the proportion of 

letters correctly remembered in the order presented (see section 2.5 Data Reduction).  

In the NF session, in place of the memory / math task, participants were required to sit 

quietly and watch a documentary film (Our Planet; Pearson, 2019; Stark, 2019) for one hour, 

using the same computer monitor described above. Both the NF and CF tasks were preceded and 

followed by subjective fatigue measurement and a simple RT task.  

2.3.4 Pre- and Post-Test 

Pre- and post- tests were performed prior to and immediately following completion of the 

cognitively demanding (CF session) and control interventions (NF session). These tests were 

used to assess three measures: i) subjective CF levels, as a manipulation check to confirm that 

the CF task led to increased fatigue; ii) control RT, to verify previously documented increases in 

RT following CF inducement; and iii) SAS RT, to assess the effects of CF on motor preparation.  

Subjective CF was assessed using a series of visual analog scales (VAS) presented on the 

computer monitor (M. R. Smith et al., 2019). Participants provided ratings of several subjective 

aspects of CF by using a computer mouse to slide a visual marker along a horizontal scale of 0 -

10 (slider length 200 mm). Scales included in the VAS were obtained from the cognitive and 

sensory subscales of the Piper Fatigue Scale-12 (Reeve et al., 2012). Participants were asked to 

rate their energy level (0-energetic, 10-unenergetic), stress level (0-relaxed, 10-tense), and ability 

to concentrate (0-able to concentrate, 10-unable to concentrate). Since it is suggested that 

changes in motivation are both an important moderator and symptom of CF (Herlambang et al., 

2019, 2021; Hockey, 2011), an additional measure to assess motivation was included (0-

motivated to succeed in the task, 10-unmotivated to succeed in the task).   
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Following subjective fatigue assessment, participants performed a simple RT task 

requiring a 20⁰ targeted wrist extension in response to an auditory go-signal. Participants placed 

their right arm, abducted to 30⁰ on an armrest parallel to the floor. The right elbow was flexed at 

approximately 90⁰ and the right palm faced inward. The right hand was placed in the hand 

support of a custom-made aluminum manipulandum, oriented so that the manipulandum’s axis of 

rotation was in line with the wrist joint. The computer monitor was used to indicate the hand 

position on a visual dial, which provided a real time approximation of the flexion / extension of 

the wrist. A line at the central position of the dial indicated the hand starting position, with the 

wrist located in neutral position (neither flexed nor extended). A visual target line was presented 

at 20⁰ of wrist extension; the simple RT task required participants to extend the wrist as quickly 

and accurately as possible to this target position, following an auditory go-signal (82 dB, 25 ms, 

1000 Hz sine wave). Each trial began with the words “Get Ready!” appearing on the monitor for 

1000 ms, followed by an auditory warning tone (82 dB, 100 ms, 200 Hz). The monitor went 

blank after the warning signal, followed by random variable foreperiod of 2000-2500 ms before 

presentation of the go-signal. Following each RT trial, feedback including displacement reaction 

time (time between the go-signal and the initial manipulandum movement) and accuracy (in 

degrees error from target position) was presented on the computer monitor for 3500 ms, with 

points awarded for reaction times faster than 140 ms (1 point per ms below, with a maximum of 

25 points awarded). Participants were allowed 5 practice reaction time trials prior to the pre-test 

to familiarize themselves with the equipment and task. Pre- and post-RT tests consisted of 2 

blocks of 20 RT trials each. On 25% of trials, a startling acoustic stimulus (SAS; 120 dB, 25 ms, 

broadband white noise waveform) replaced the go-signal, resulting in a total of 30 non-SAS RT 

trials and 10 SAS RT trials presented at each testing time (pre- and post-test) and testing session 
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(NF and CF). Participants were told that the loudness of the imperative go-signal would vary, 

and that they should respond in the same manner no matter the stimulus intensity. The trial order 

was pseudorandomised, with SAS never being presented on the first trial of a block, nor on two 

consecutive trials within a block. The warning, SAS, and go-signals were generated by digital to 

analog hardware (National Instruments PCIe-6321). The warning signal was presented through 

standard computer speakers while the go-signal and SAS were amplified and presented by a 

loudspeaker located 30 cm from the ear, directly behind the participant’s head (MG Electronics 

M58-H, frequency response 300 Hz-11 kHz, rise time <1 ms). The intensity of all auditory 

stimuli was confirmed with a precision sound level meter (Cirrus Research model CR:162C, “A” 

weighting, impulse setting) placed in a location corresponding to the location of the participant’s 

left ear.  

2.3.5 Recording Equipment 

Bipolar pre-amplified surface EMG electrodes (gain = 10; Delsys Bagnoli DE-2.1) were placed 

on the skin above the superficial muscle bellies of the right extensor carpi radialis longus (ECR), 

right flexor carpi radialis (FCR) and right sternocleidomastoid (SCM) muscles and connected to 

an external amplifier (Delsys Bagnoli-8) by shielded cabling. EMG electrodes were oriented 

parallel to the muscle fibers and fastened using adhesive strips. A 2-inch square carbon-pad 

grounding electrode (Easy@Home) was placed on the right medial epicondyle. Prior to EMG 

and grounding electrode placement, the attachment sites were prepared and cleaned with alcohol 

to optimize recording quality. Wrist angular displacement was collected using a potentiometer at 

the pivot point of the manipulandum. Position and band-passed (20-450 Hz) EMG data were 

digitally sampled at 4 kHz (National Instruments PCIe-6321) using a custom LabVIEW software 
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program (National Instruments Inc.) and were collected over a 3000 ms period beginning at 1000 

ms before go-stimulus onset.  

2.4 Dependent Variables 

2.4.1 Subjective Cognitive Fatigue 

Subjective CF was assessed using responses to the VAS to confirm that CF had been successfully 

induced by the CF intervention. To determine a global measure of subjective CF, an average 

score of the four 10-point measures assessed by the VAS (energy, ability to concentrate, 

motivation, and stress level) was calculated. The resulting value was subtracted from 10, so that 

higher scores (on a scale of 0-10) indicated greater levels of subjective CF (Subjective CF score 

= 10 – [(Energy Score + Concentration Score + Motivation Score + Stress Score) / 4]). 

2.4.2 Cognitive Task Performance 

Performance on the cognitive task was used as an objective confirmation of CF. Although the 

time course of objective performance changes varies greatly depending on task demands (Lorist 

& Faber, 2011), many studies have noted initial performance plateaus or gains in cognitive task 

performance, followed by subsequent declines in performance as the effects of CF arise. For 

complex cognitive tasks, performance declines have been observed following 15-30 min of task 

performance (Gergelyfi et al., 2015; Mackworth, 1948; Pattyn et al., 2008); as such, the current 

study assessed cognitive performance over the latter half (i.e., last 30 trials) of the cognitive task.  

Cognitive task performance metrics included the number of math problems completed, 

the proportion of math problems correctly completed, as well as the proportion of letters 

remembered in the correct order. Overall cognitive task performance was represented by a trial-

by-trial average composite score, consisting of the proportion of correct math problems 

completed and the proportion of letters correctly remembered on each trial of the cognitive task 



51 

 

(Cognitive performance score = [(proportion correct math problems + proportion correct 

letters) / 2]). The total number of math problems completed was excluded from the overall score, 

as both graphical and statistical indices suggested that performance in this metric was largely 

invariable across participants and trials.  

Previous studies have observed high inter-subject variability in cognitive task 

performance under the effects of CF, with subsets of individuals demonstrating CF resistance and 

failing to show significant signs of performance decline (Breckel et al., 2013; Lim et al., 2012; 

Qi et al., 2020). As this study is not primarily concerned with manipulation of CF, but rather with 

the effects resulting from CF, it was necessary to ensure that only participants who demonstrated 

evidence of CF inducement were included in analyses of RT task measures. As such, participants 

who displayed trends of increasing cognitive performance scores (i.e., improvements, rather than 

declines in cognitive task performance; n = 4) over the final 30 cognitive task trials were 

excluded from RT and startle response analyses. 

2.4.3 Control and SAS Trial Reaction Time 

Premotor RT on control trials was used to confirm previously documented effects of CF on 

simple RT, while premotor RT on SAS trials was used to assess the unknown effects of CF on 

advance motor preparation. Premotor RT was defined as the time from go-signal presentation to 

initial EMG onset measured at the right ECR. EMG onset was defined as the point where 

rectified and filtered EMG activity rose two standard deviations above baseline EMG activity 

(i.e., the average EMG activity in the 500 ms window immediately preceding the go-signal / 

SAS) and remained above baseline activity for a minimum of 20 ms. A custom LabVIEW 

program was used to mark EMG onsets, which were then visually confirmed by a researcher, 

who adjusted the onset values in the case of visible errors (see Hodges & Bui, 1996).  
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2.4.4 Proportion of SAS Trials Resulting in a Startle 

Motor preparation was further assessed by the proportion of SAS trials with an observable startle 

reflex. A startle reflex was said to have occurred on SAS trials where a burst of EMG activity in 

the SCM muscle was observed within 25-120 ms following presentation of a SAS (Carlsen et al., 

2011).   

2.5 Data Reduction 

Two participants who did not complete both testing sessions and were excluded from all 

analyses. Four participants who demonstrated resistance to the CF manipulation were removed 

from analyses of RT and proportion of startle responses. Among the remaining 16 participants, 

counterbalance of session order delivery was equally maintained. Practice trials were not 

analysed. Testing RT trials where participants performed the movement incorrectly (e.g., not a 

smooth ballistic-type response, total = 72 trials, including 68 control trials and 4 SAS trials) or 

responded in anticipation of the go-signal (RTs </= 50 ms; total = 59 trials, including 44 control 

trials and 15 SAS trials) were excluded from analysis. Outlying RT data points (greater than 

mean RT  2 standard deviations) within each session, stimulus type and testing time were also 

removed prior to analysis (total = 91 trials, including 70 control trials and 21 SAS trials; please 

see Appendix A.1 for analysis with an expanded ±3 standard deviation outlier removal, which did 

not alter the conclusions of the study). As a startle reflex was considered requisite to investigate 

the StartReact effect as an index of advance motor preparation, SAS trials without SCM 

activation 25-120 ms following SAS presentation were not included in assessments of RT values 

(total = 213 trials). The final exclusion rate of control trials was 9.5% (182 / 1920 control trials) 

and for SAS trials was 39.5% (253 / 640 SAS trials), for an overall trial exclusion rate of 17% 

(total = 435 / 2560 trials).  
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2.6 Statistical Analysis 

Statistical analyses were completed using linear and linear mixed-effect model (LMM) analyses 

in R statistical software (Bates et al., 2015; R Core Team, 2021). LMM analyses allowed for the 

retention of all data within the repeated-measures design, without violation of the assumption of 

independence (Bates et al., 2015). Data were assessed for homoscedasticity and approximate 

normal distribution of residuals. To best meet these assumptions, an arcsine square root 

transformation of proportion data was performed. The significance of fixed effects was explored 

using analysis of variance of each model, with F-tests and p-values using Satterthwaite's method 

for denominator degrees-of-freedom and F-statistic, applied using the lmerTest package 

(Kuznetsova et al., 2017). In all cases, differences with a probability of .05 or less were 

considered significant. Where applicable, planned post hoc contrasts with Bonferroni corrections, 

estimated marginal means, and 95% confidence intervals (CI) for each measure were determined 

within each analysis using the emmeans package (Lenth et al., 2021). Effect sizes (d) for post hoc 

comparisons were calculated according to methods outlined in (Brysbaert & Stevens, 2018).  

2.6.1 Subjective Cognitive Fatigue 

Subjective CF scores were assessed with a model including the fixed effect interaction of testing 

session (NF, CF) and time (pre-test, post-test), with random intercepts specified for the effect of 

participant. As such the model took the following form: model = Subjective CF Score ~ 

Session*Time + (1 | Participant). While this model assesses an overall score for subjective CF, 

an analysis of individual subjective fatigue measures (energy, stress level, motivation and ability 

to concentrate) is available in Appendix A.2.  
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2.6.2 Cognitive Task Performance 

Changes in cognitive performance over the last 30 trials of the cognitive task were measured 

using a model including the fixed effect of trial number and random intercepts specified for the 

effect of participant: model = Cognitive Performance Score ~ Trial Number + (1 | Participant). 

Generally, high inter-subject variability in cognitive performance over sustained tasks has been 

demonstrated, with a subset of individuals displaying clear resiliency against CF effects (Breckel 

et al., 2013; Lim et al., 2012; Qi et al., 2020). To determine which participants demonstrated CF-

resistance in the current study, the slope of changes in cognitive performance scores over the 

latter half of the time-on-task were also assessed for each individual subject, using simple linear 

regression models. 

2.6.3 Control and SAS Trial Reaction Time 

A linear mixed effects model was used to assess changes in RT, in response to the fixed effect 

interaction of stimulus (control, SAS), session type (NF, CF), and time (pre-test, post-test). 

Random intercepts for the effect of participant and by-participant random slopes for the effect of 

session (NF, CF) were used in the model to account for variation in overall RT that may exist 

between subjects, and between testing days within each subject: model = RT ~ 

Session*Time*Stimulus Type + (1+Session | Participant).  

The results of the initial RT analysis demonstrated significant pre-test RT differences 

between testing sessions (see section 2.8.3 Control and SAS Trial Reaction Time), therefore 

follow-up analyses were performed to examine whether lifestyle measures as assessed in the pre-

session questionnaire may be contributing to this baseline RT difference. These measures 

included the approximate number of hours of sleep and mg of caffeine intake in 24 hours prior to 

the testing session (Jewett et al., 1999; Knufinke et al., 2018; McLellan et al., 2016; Rogers et 
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al., 2013). Linear mixed effect models were used to assess the relationship of each of these 

lifestyle measures to the fixed effect of testing session (NF, CF). A term representing by-subject 

random intercepts was also included in each model: model = Lifestyle Measure ~ Session + (1 | 

Participant).  

2.6.4 Proportion of SAS Trials Resulting in a Startle 

A final model was used to assess differences in the proportion of SAS trials leading to an overt 

startle reflex (indicated by activity in the SCM muscle) in response to the fixed effect interaction 

of testing session (NF, CF) and time (pre-test, post-test): model = Startle Proportion ~ 

Session*Time + (1 | Participant). 

2.7 Compliance with Ethical Standards  

All stages involved in the completion of this study, including interactions with participants, have 

been carried out in accordance with the ethical standards in the Declaration of Helsinki and its 

later amendments. This experiment was approved by the Research Ethics Board at the University 

of Ottawa. All participants in this study provided informed consent prior to participation. The 

authors have no conflicts of interest to declare.  

2.8 Results 

2.8.1 Subjective Cognitive Fatigue 

Subjective CF score as a function of time (pre-test, post-test) and session type (NF, CF) is 

presented in Fig. 2.2. LMM analysis demonstrated significant main effects of both time (F(1, 57) 

= 43.96, p < .001) and session type (F(1, 57) = 25.54, p < .001), which were superseded by a 

significant time x session type interaction (F(1, 57) = 9.49, p = .003). Planned post hoc 

comparisons revealed significantly greater post-test subjective CF scores as compared to pre-test 

in the CF session (mean difference score = +2.15; p < .001, d = 1.41). No significant difference 
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in subjective CF scores between the NF session pre- and post-tests was observed (mean 

difference score = +0.79; p = .060, d = 0.62). Pre-test measures of subjective CF did not differ 

between the NF and CF sessions (mean difference score = +0.44; p = .674, d = 0.33), while post-

test subjective CF scores were significantly greater in the CF session (mean difference score = 

+1.80; p < .001, d = 1.22).  

 

Fig. 2.2 Estimated marginal mean subjective cognitive fatigue scores. Scores are presented as a 

function of session type (NF, CF) and testing time (pre-test, post-test). Error bars indicate 95% 

confidence intervals. Asterisks indicate significant comparisons (p < .05). CF = cognitive fatigue, 

NF = non-fatiguing. 
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2.8.2 Cognitive Task Performance  

LMM analysis indicated a significant decline in cognitive task performance scores over time-on-

task (F(1,597) = 8.76, p = .003). Model estimates indicated an intercept score of 0.891 (SE = 

0.036) and score decline of 0.002 (SE < 0.001) per trial. To determine which participants did not 

follow this trend (i.e., who did not demonstrate objective increases in CF over the latter half of 

the time-on-task), changes in cognitive performance score over the last 30 trials were assessed 

individually for each participant. Positive regression slopes were observed in 4 participants, 

indicating that CF was not successfully induced in these individuals. As these participants did not 

demonstrate objective (cognitive task performance) evidence of CF inducement, they were 

considered resistant to CF in the current task and were removed from analyses of RT and startle 

responses.   

2.8.3 Control and SAS Trial Reaction Time 

Control and SAS trial premotor RT as a function of time (pre-test, post-test) and session type 

(NF, CF) can been seen in Fig. 2.3. RT analysis indicated significant main effects of stimulus 

(F(1, 2095) = 298.19, p < .001) and session type (F(1, 17) = 6.14, p = .024), which were 

superseded by a significant stimulus x session type x time interaction (F(1, 2089) = 4.69, p = 

.031). As expected, SAS trials exhibited shorter RT compared to control trials in all cases (p < 

.001). However, the RT comparison of greatest interest with respect to the proposed hypothesis 

involved the analysis of RT differences between pre- and post-test. Post hoc analyses confirmed 

that control trial RT increased significantly from pre- to post-test in the CF session (mean 

difference = +7.30 ms, p = .018, d = 0.18) and decreased significantly from pre- to post-test in 

the NF session (mean difference = -7.50 ms, p = .013, d = 0.16). Conversely, on SAS trials, no 

significant differences were found between pre- and post-tests in either the NF session (mean 
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difference = +2.30 ms, p > .999, d = 0.06) or CF session (mean difference = +0.60 ms, p > .999, 

d = 0.04). A post hoc Bayesian analysis confirmed the lack of substantial SAS RT change from 

pre- to post-test in both sessions, demonstrating substantial evidence in favour of the null 

hypothesis (BF10 = 0.119 ±1.24%; see Appendix A.3 for further details of this analysis; Jeffreys 

1961; cited in Wetzels et al. 2011).  

Additional analysis indicated a baseline (pre-test) control RT difference whereby 

participants showed shorter pre-test control RT latencies in the CF versus the NF session (mean 

difference = -18.10 ms, p = .016, d = 0.41). No other significant between session comparisons 

were apparent (p > .100 in all cases). As such, follow-up analyses were performed to explore 

whether any of the lifestyle factors differed between testing days, and thus might have 

contributed to the pre-test RT difference between sessions. Indeed, approximate hours of sleep 

(mean difference = +0.07 hrs; F(1, 2108) = 5.16, p = .023, d = 0.06) and approximate caffeine 

intake (mean difference = +15.10 mg; F(1, 2108) = 101.59, p < .001, d = 0.16) were both 

significantly greater prior to the CF session compared to the NF session, although the size of 

each effect was small.  
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Fig. 2.3 Estimated marginal mean premotor reaction time. Control (left) and SAS (right) trial 

premotor reaction time (ms) is presented as a function of session type (NF, CF) and testing time 

(pre-test, post-test). Error bars indicate 95% confidence intervals. Asterisks indicate significant 

comparisons (p < .05). CF = cognitive fatigue, NF = non-fatiguing, SAS = startling acoustic 

stimulus. 

2.8.4 Proportion of SAS Trials Resulting in a Startle 

Analysis of the proportion of startle responses in SAS trials as a function of session type (NF, 

CF) and assessment time (pre-test, post-test) demonstrated no significant main effects of session 

type (mean proportion difference = 0.01, F(1, 45) = 0.848, p = .362) or assessment time (mean 
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proportion difference = 0.036, F(1, 45) = 1.930, p = .172) on the proportion of startle responses 

in SAS trials (mean proportion NF session: pre-test = 0.679 (95% CI [0.458, 0.901]), post-test = 

0.581 (95% CI [0.360, 0.803]); mean proportion CF session: pre-test = 0.627 (95% CI [0.406, 

0.849]), post-test = 0.653 (95% CI [0.432, 0.875])). Additionally, analyses demonstrated no 

significant session type x assessment time interaction (F(1, 45) = 2.704, p = .107).  

2.9 Discussion 

Cognitive fatigue has been shown to result in slowed simple RT (Ferreira Junior et al., 2020; 

Jaydari Fard et al., 2019; Langner, Steinborn, et al., 2010; Langner, Willmes, et al., 2010; Lisper 

et al., 1977; M. R. Smith et al., 2019). However, the mechanism underlying this effect has not yet 

been established. This study aimed to determine whether CF acts to slow simple RT through a 

reduction in the level of advance motor preparation. Participants attended two separate testing 

sessions: a CF task session, and a NF task session. Subjective levels of CF, as well as RT latency 

on control and SAS trials were assessed before and after each intervention. Inducement of CF 

was confirmed by declines in performance over the last half of the cognitive task and by 

increases in subjective CF levels (Fig. 2.2). Motor preparation level was inferred using the 

StartReact effect, that is, the RT latency and proportion of startle reflex responses observed on 

simple RT task SAS trials. In line with previous studies, cognitive task completion was 

associated with increases in control trial RT (Fig. 2.3). However, StartReact trials did not show a 

similar pre- to post-test change in SAS RT (Fig. 2.3), nor any difference in the proportion of 

startle reflex responses elicited. Overall, results of this study indicate that CF does not 

meaningfully impact motor preparation level; instead, slowed RT due to CF may be attributable 

to other stages of sensorimotor processing, such as stimulus perception and / or response 

initiation. 
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This study employed both subjective (VAS ratings) and objective (cognitive task 

performance) metrics to confirm that the CF intervention was successful in eliciting CF. There is 

ongoing debate around which of these measures represents the most accurate method of CF 

assessment. Some consider changes in objective performance metrics, such as response time and 

error rates in a cognitive task, to be the most relevant measure (Bryant et al., 2004; Holtzer et al., 

2010). Others propose that subjective reports provide an adequate assessment of CF (M. R. 

Smith et al., 2019), with suggestions that subjective sensations of fatigue may precede changes in 

cognitive task performance (Kanfer, 2011; Kurzban et al., 2013). Overall, there is little data 

strongly linking subjective and objective (performance) measures of fatigue (Christodoulou, 

2005; Kanfer, 2011). Here, a consideration of both types of measures was used to confirm the 

presence of CF in most participants following the CF intervention. Subjective levels of CF 

measured using the VAS increased significantly following completion of the CF task but 

remained stable following the NF task (Fig. 2.2), indicating that the CF intervention produced 

significant sensations of fatigue among participants. In addition, assessment of performance 

changes (math and memory task performance) over the last half of the CF task indicated that 

most participants were increasingly unable to maintain cognitive performance as the time-on-

task progressed. Although a significant overall decline in task performance was observed, 20% 

of participants did not reflect this trend, instead showing signs of improved performance (i.e., 

positive regression slope) over the last half of the CF task. This “resistance” to CF has been 

observed in other studies, which have reported similarly sized subsets of non-fatigued 

respondents (Breckel et al., 2013; Qi et al., 2020), with some suggesting that intraindividual 

variation in cognitive fatiguability may have a genetic basis (Lim et al., 2012; Parasuraman, 

2009).  
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In this study, CF was associated with significant increases in control RT following 

cognitive task completion, supporting what has been demonstrated in previous works (Ferreira 

Junior et al., 2020; Jaydari Fard et al., 2019; Langner, Steinborn, et al., 2010; Langner, Willmes, 

et al., 2010; Lisper et al., 1977; M. R. Smith et al., 2019). Contrastingly, in the NF task, control 

RT decreased significantly from pre- to post-test (Fig. 2.3). Although the reason for this is 

uncertain, one potential explanation is that the NF task, watching a documentary film, was 

directly implicated in improving RT performance. While no significant changes in subjective 

mood states (indicated by the VAS) were observed following NF task completion, documentary 

film viewing could have led to heightened positive affect, which has been associated with faster 

RT (Irrmischer et al., 2018). However, another possible explanation lies in potential practice 

effects, which are known to occur in simple RT tasks (Ando et al., 2002; Del Rossi et al., 2014). 

If practice effects do indeed underlie RT performance improvements over the NF session, they 

may also have acted to moderate the magnitude of RT slowing following the CF intervention, 

resulting in a relatively small RT increase (7.30 ms) compared to reports by previous works 

(approximate mean range of 20-30 ms; Jaydari Fard et al., 2019; Langner, Steinborn, et al., 2010; 

Lim et al., 2010). Furthermore, if pre- to post-test control trial RT differences are affected by 

practice, the lack of such temporal changes in SAS trial RT would indicate that practice does not 

result in higher levels of motor preparation. Instead, practice may be associated with enhanced 

stimulus detection, a possibility that is supported by the sensitivity of auditory perception to both 

between and within session practice effects (Atienza et al., 2002; de Souza et al., 2013), with 

steep improvements observed within 8 minutes of performing an auditory perceptual task 

(Molloy et al., 2012). A more direct assessment of the role of practice effects in the current 

experimental paradigm, particularly with respect to temporal changes in stimulus perception, 
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would be required to confirm this possibility. Finally, in addition to potential practice effects, the 

SAS may also have counteracted the effects of CF on control RT, perhaps by elevating levels of 

arousal or alertness. While outside the scope of the current study, a direct assessment of this 

possibility in a separate experimental paradigm may be informative.  

An additional unexpected control RT difference was observed between NF and CF 

session pre-tests, with faster control RT occurring prior to the CF session (Fig. 2.3). While SAS 

trial pre-test RT did not vary significantly between the sessions, these trials nevertheless 

demonstrated a similar trend (-11.80 ms in the CF session pre-test), which may be indicative of 

higher levels of pre-test preparatory activation on the day of the CF session. Although the 

reasons underlying this baseline RT difference are uncertain, a potential contribution to this 

difference involves several of the “lifestyle” factors known to influence RT, which varied 

significantly, albeit moderately, between testing days. Indeed, as observed in the current study, 

shorter simple RT has been shown to correlate with greater amounts of sleep, varying with 

natural within-individual fluctuations in sleep time (Knufinke et al., 2018) and with sleep 

deprivation manipulations (Jewett et al., 1999). Similarly, there is much evidence supporting the 

RT-speeding effect of caffeine intake, wherein greater intake is associated with significantly 

faster RT responses. This was also the case in the current study, wherein greater caffeine intake 

(mg) was recorded prior to the CF session, compared to the NF session (McLellan et al., 2016; 

Rogers et al., 2013). While the current study demonstrated only a small magnitude difference in 

these lifestyle measures between testing days, they may have contributed, perhaps in conjunction 

with other unknown factors, to the observed between-session baseline RT difference.   

Although lifestyle factors may have influenced between-session RT differences, the 

current study was primarily interested in within session (pre- to post-test) changes in RT, to 
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assess possible changes in advance motor preparation following CF inducement. While control 

RT increased following cognitive task completion, no significant changes in the StartReact effect 

were detected following the NF or CF tasks. That is, no significant pre- to post-test differences 

were observed in the RT on SAS trials, nor in the proportion of SAS trials demonstrating a startle 

reflex response for either intervention. These results indicate that in the current study, motor 

preparation is not substantially influenced by CF, and that motor preparation changes are 

unlikely to explain why CF is associated with increases in control RT. While it is acknowledged 

that the results presented here cannot conclusively demonstrate an absence of SAS RT changes 

associated with CF, they demonstrate substantial evidence in favour of the null hypothesis (BF10 

= 0.119 ±1.24%). This conclusion is affirmed by several studies that have demonstrated 

significantly longer SAS trial RT conditions where the ability to prepare the response is impaired 

(e.g., Begeman et al., 2007; Carlsen et al., 2004a; Maslovat et al., 2015; V. Smith et al., 2019). 

The observed lack of preparatory changes in response to CF is also in line with research 

exploring cortical activity changes that occur over sustained task performance. These studies 

have determined that activity in the premotor cortex (PMC), an area integral for movement 

preparation (Passingham, 1988), does not decline alongside RT with increasing time-on-task 

(Derosiere et al., 2015). In fact, there is some indication that activity in the PMC actually 

increases along with rising levels of CF, potentially as a compensatory mechanism to maintain 

sensorimotor task performance under CF (Chuang et al., 2018). Corticospinal activity, 

considered to be associated with preparation level, has also been shown to increase with time-on-

task, even while reaction time slowed (Derosiere et al., 2015). Behaviourally, an absence of 

preparatory changes has likewise been demonstrated in the variable foreperiod effect, wherein 

foreperiod length is associated with RT changes that are thought to reflect preparation level. 
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Langner, Steinborn, et al. (2010) assessed the variable foreperiod effect over time in a sustained 

simple RT task, showing that while both RT and subjective reports of mental fatigue increased, 

temporal preparation remained consistent.  

The studies described above, along with the results presented here, support the absence of 

motor preparation decrements under CF, and instead point towards other explanations for the 

increased RT that is associated with CF. As previously stated, simple RT tasks have been 

conceptualized as including several information processing stages, such as advance motor 

preparation, stimulus detection, and response initiation (Donders, 1969; Spijkers & Walter, 1985; 

Taylor, 1976). If motor preparation is not substantially affected by CF, impaired stimulus 

detection and / or response initiation processes could underlie increased RT in CF. As of yet, it is 

unclear which of these remaining processes may drive the effects of CF on simple RT; however, 

existing evidence lends support to the role of impaired stimulus detection processes. For 

instance, there are indications that visual perceptual certainty (i.e., confidence in stimulus 

assessment; Wylie et al., 2021) and sensitivity (Langner et al., 2011) are negatively associated 

with CF, along with reports of CF-associated declines in pre-attentive auditory perceptual 

discrimination (Yang et al., 2013), speech perception in noise (Jain & Nataraja, 2019), and 

temporal order discrimination of auditory stimuli (Simon et al., 2020). Overall, although it seems 

that stimulus detection processes may present the most likely source of CF induced RT increases, 

further exploration is required to confirm this, and to determine whether response initiation 

processes also play a role in this effect.  

2.10 Conclusion 

This study examined whether CF results in impaired motor preparation in a simple RT task. A 

challenging, prolonged cognitive task successfully induced CF, as indicated by declines in 
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cognitive task performance and subjective reports of fatigue. While CF task performance led to 

increases in RT on non-startle trials, no substantial change in the StartReact effect (indicated by 

the RT latency on SAS trials and the proportion of startle responses elicited) was observed 

following CF task completion. The results of this study indicate that motor preparation is not a 

significant source of slowed RT observed in CF. As such, future studies should assess the impact 

of CF on other stages of simple RT, including stimulus detection and response initiation. An 

improved understanding of the mechanism by which CF acts to slow RT could allow the 

development of future interventions to counteract these effects, with particularly important 

implications for situations where fast RT is necessary, but CF is unavoidable.  
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Chapter 3. Experiment 2 - Visual Perceptual Processing is Unaffected by Cognitive Fatigue 

A version of this chapter has been published: Peters, K. J., Maslovat, D., & Carlsen, A. N. 

(2024). Visual perceptual processing is unaffected by cognitive fatigue. Consciousness and 

Cognition, 119, 103666. https://doi.org/10.1016/j.concog.2024.103666 

3.1 Abstract 

Cognitive fatigue (CF) can lead to an increase in the latency of simple reaction time, although 

the processes involved in this delay are unknown. One potential explanation is that a longer time 

may be required for sensory processing of relevant stimuli. To investigate this possibility, the 

current study used a visual inspection time task to measure perceptual processing speed before 

and after a CF (Math-Memory) or non-fatiguing (documentary film) intervention. Subjective 

fatigue and simple reaction time significantly increased following the CF, but not the non-

fatiguing intervention, confirming that CF was induced. Conversely, there was no effect of CF on 

inspection time task performance. It was therefore concluded that the speed of perceptual 

processing is not significantly impacted by CF, and thus is unlikely to underlie CF-related 

reaction time increases. Instead, increases in simple reaction time latency in CF may be due to 

delays in response preparation or initiation. 

3.2 Introduction 

Cognitive fatigue is a psychobiological state that develops gradually with sustained and 

demanding mental effort, leading to feelings of exhaustion and often an inability to continue to 

meet challenging cognitive task demands without performance reductions (Boksem & Tops, 

2008; Borghini et al., 2014; Phillips, 2015). In healthy populations, cognitive fatigue (CF) is an 

acute phenomenon, often arising from day-to-day mentally demanding tasks; however, its 

consequences are multi-dimensional and complex. For instance, CF has been associated with 

https://doi.org/10.1016/j.concog.2024.103666
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impaired working memory capacity (Jain & Nataraja, 2019), decision making (Gantois et al., 

2020; A. Jia et al., 2022; H. Jia et al., 2022; Wiehler et al., 2022), physical endurance (Dallaway 

et al., 2022; Van Cutsem et al., 2017), and athletic performance (Cao et al., 2022; Habay et al., 

2021; Smith et al., 2018; H. Sun et al., 2021), and it is thought to be a potential risk-factor in 

road and workplace accidents (Li et al., 2019; Petrut et al., 2020; Williamson et al., 2011; Wise et 

al., 2019; Zeuwts et al., 2021). Experimentally, CF is frequently characterized by subjective 

sensations of tiredness, which may be described as a feeling of energy depletion or even a 

negative shift in mood (O’Keeffe et al., 2020; Phillips, 2015; van der Linden & Eling, 2006). 

These subjective changes are often (although not always, see DeLuca, 2005) observed alongside 

mental performance reductions (Hopstaken et al., 2015; Kanfer, 2011). It has been suggested that 

the mental performance effects of CF are typically most apparent in tasks that place high 

demands on executive functioning, such as those that require inhibition of automatic or incorrect 

responses (Guo et al., 2018; Kato et al., 2009), error monitoring and correction (Boksem et al., 

2006; Lorist et al., 2005), complex planning (Lorist et al., 2000; van der Linden et al., 2003), or 

adaptation to novel or evolving task demands (Massar et al., 2010; Plukaard et al., 2015). 

Meanwhile, performance on simpler tasks with minimal response variability should be more 

resilient to CF, as they are less affected by the degradation of executive control thought to 

underlie the behavioural consequences of CF (Boksem et al., 2005; Lorist & Faber, 2011; van der 

Linden et al., 2003). However, some exceptions to this rationale are apparent. For instance, some 

studies indicate that CF-related performance decrements may not increase with task complexity 

(e.g., Borragán et al., 2017; Hopstaken et al., 2015), while tasks thought to require only basic 

sensorimotor processing, such as tests of simple reaction time (RT), have been shown to be 

susceptible to the effects of CF. More specifically, simple RT, or the time required to respond to a 
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known stimulus with a predetermined response, has frequently been observed to be slowed in 

states of CF (Ferreira Junior et al., 2020; Jaydarifard et al., 2019; Kowalski et al., 2022; Langner, 

Steinborn, et al., 2010; Langner, Willmes, et al., 2010; Lim et al., 2010; Shen et al., 2019; Smith 

et al., 2019). Given the prevalence of cognitive fatigue and its multivarious effects, determining 

how exactly CF works to impair RT presents a valuable avenue of investigation.  

To address this question, it is useful to consider the sensorimotor processes that are 

thought to contribute to RT. In a simple RT task, where the required response is held constant and 

is known in advance (unlike a choice RT task, where multiple stimuli and responses are 

possible), RT can be thought of in terms of several composite processes: i) response preparation, 

which can be performed in advance of the imperative (go) stimulus; ii) perceptual processing 

(i.e., detection and/or identification) of the imperative stimulus; and iii) initiation and execution 

of the predetermined response (Donders, 1969; Spijkers & Walter, 1985; Taylor, 1976). Although 

it is noted that this perspective may be an oversimplification (for example, see Henderson & 

Dittrich, 1998; Pachella, 1974), the impact of CF on simple RT has been well-documented, and 

the specific stage(s) of central processing (e.g., advance preparation, stimulus processing, or 

response initiation) that underlie these RT changes in CF are still uncertain. Previous work has 

begun to explore this uncertainty, demonstrating that the level of advance preparation in a simple 

RT task appears to be unaffected by CF (Peters et al., 2022). Thus, the locus of RT delays in CF 

may reside in a different component of sensorimotor processing, such as those required for 

stimulus perception.  

There is indeed some evidence that the perceptual processing stage of RT may be 

impacted by CF. For instance, decreases in the amplitude of early event-related potentials (ERP, 

e.g., N1) elicited by both auditory and visual stimuli have been observed with fatiguing mental 
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workloads (Boksem et al., 2005; Faber et al., 2012; Ghani et al., 2020; Samuel et al., 2019; L. 

Sun et al., 2022). The amplitudes of these ERPs are thought to reflect neural activity in the early 

stages of sensory processing involved in discriminating and/or alerting and orienting to a 

relevant stimulus (Gonçalves et al., 2018; Hopf et al., 2002; Neuhaus et al., 2010; Sokhadze et 

al., 2017). If these early attentional processes are impaired by CF, they may lead to perceptual 

processing delays in recognizing the go-signal. However, it is unclear whether this 

electrophysiological evidence is in fact indicative of delayed sensory processing which could 

viably contribute to slowed RT in CF. While CF-related performance decrements have been 

observed in some auditory processing tasks, including tests of auditory temporal resolution and 

speech perception in noise (Jain et al., 2022; Jain & Nataraja, 2019; Simon et al., 2020), such 

tasks do not directly assess the speed of perceptual processing in CF, nor how this may contribute 

to slowed RT in CF. To directly test perceptual processing, a measure is needed which assesses 

only the sensory processing stages of simple RT independently from the motor stages of simple 

RT upon which CF may also act. The visual inspection time (IT) task is a perceptual processing 

measure that meets these requirements.  

The visual IT task measures the amount of time required for a participant to accurately 

discriminate a visual stimulus (Irwin, 1984; Vickers & Smith, 1986). In this task, a “pi-figure,” 

with two vertical lines (or legs) that differ in length, is presented for a brief time interval. After 

each stimulus presentation, participants must attempt to accurately identify the side (left or right) 

of the longest leg. When the stimulus is presented for only a very short duration (e.g., 15 ms), 

response accuracy approaches chance performance. In this case, perceptual processing speed 

may not be fast enough to allow for sufficient accumulation of evidence regarding the correct 

response, necessitating an essentially random response selection (Vickers & Smith, 1986). 
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However, at increasingly longer stimulus durations, more time becomes available to process the 

stimulus, greater evidence is accumulated, and response accuracy improves (Vickers & Smith, 

1986). It has been suggested that IT task performance relates to the speed at which sensory inputs 

are encoded during the initial stages of information processing, which may be influenced by 

attentiveness to the task – processes that would also affect the speed of stimulus perception in an 

RT paradigm (M. C. Fox et al., 2009; Hill et al., 2011; Jensen, 2006; Kranzler & Jensen, 1989; 

Nettelbeck, 2001). Importantly, because the IT task does not require participants to respond 

quickly (as in an RT task), IT task performance offers a measure of perceptual processing that is 

distinct from other components of a motor response (e.g., response preparation and initiation, 

speed-accuracy trade-offs) which may also be affected by CF (Gregory et al., 2008; Jensen, 

2006).  

As such, the present study employed an IT task to explore whether CF acts to delay 

visual perceptual processing, which may be contributing to the prolongation of simple RT that 

has been associated with CF. To induce CF, participants completed a sustained, cognitively 

demanding Math-Memory task. Changes in subjective fatigue levels and simple RT were used to 

confirm that participants were indeed fatigued by the intervention, while an IT task was used to 

probe the effect of CF on perceptual processing speed. If CF does lead to impaired perceptual 

processing, then IT task response accuracy was predicted to decline. 

3.3 Materials and Methods 

3.3.1 Participants  

An a priori sample size calculation was performed based on the results detailed by Hill et al. 

(2011), who reported the effect size of a significant group (high IQ, low IQ) by stimulus duration 

interaction on IT task response accuracy (partial η2 = 0.10). This analysis determined that a 
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sample size of 40 participants (20 per condition) is required to detect relevant changes in IT task 

performance. In the present study, data sets were obtained from 269 different participants 

between 18 and 60 years of age who gave informed consent to participate in the study. All 

participants had normal or corrected to normal vision, and reported being free from any motor 

control dysfunction, sleep disorders, or fatigue syndromes. Participants were given the choice to 

complete only one or both of two testing sessions, requiring approximately 1.5 hours each. In 

exchange for their participation, participants received course credit and/or could choose to be 

entered in a gift card draw. Data from 101 unique participants were retained following initial 

screening (see section 3.4 Data Reduction; 83 participants completed one session, while 18 

completed both sessions). The mean age of the retained participants was 19.42 years (SD = 2.53), 

including 71 participants who identified their sex assigned at birth as female (19.38 years, SD = 

2.77) and 30 participants who identified their sex assigned at birth as male (19.50 years, SD = 

1.91). 

3.3.2 General Experimental Protocol  

All stages involved in the completion of this study were in full accordance with the ethical 

standards in the Declaration of Helsinki and its later amendments. Approval from the Research 

Ethics Board at the University of Ottawa was obtained for this experiment. Data collection was 

performed remotely using a custom downloadable application available for Windows and 

MacOS platforms written using LabVIEW®. All components of the experiment, including 

completion of consent forms and questionnaires, were completed within this application in either 

French or English. Participation in the experiment was not supervised by the researchers and was 

completed on a laptop or desktop computer at the location of the participants choosing. 

Instructions within the application asked participants to minimize outside distractions while 
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completing the experiment, to ensure adequate time to complete the testing session without 

interruption, and to use mental effort only to complete cognitive tasks (e.g., to not use a pen and 

paper or calculator). Participants were also instructed to delay participation if they had consumed 

any alcohol or recreational drugs within the prior 6 hours. Participants could choose to complete 

either one, or both, of two separate testing sessions, which were assigned in random order: a 

cognitive fatigue (CF) testing session and/or a non-fatiguing (NF) control session. In the case 

that both sessions were completed, participants were instructed to begin both sessions of the 

study at approximately the same time of day, separated by a minimum of 24 hours. Responses for 

all segments of the experiment were time-stamped, to allow identification of instances where 

instructions were not followed (e.g., when a participant took a break during the experiment). 

Upon completion of each testing session the data were automatically sent via email from the 

application to the researchers. 

Prior to beginning each session, participants completed a pre-session questionnaire to 

record several lifestyle factors that could influence task performance, including sex assigned at 

birth (male or female), age, caffeine intake, and amount of sleep in the 24 hours prior to the 

testing session (Knufinke et al., 2018; Rogers et al., 2013; Sadler et al., 2022). Participants next 

completed pre-test assessments, which included an estimation of subjective fatigue level as well 

as simple reaction time (RT) and inspection time (IT) tasks (described in section 3.3.4 Pre- and 

Post-Tests). Following baseline measurements, participants performed either the CF or NF task, 

each requiring approximately 1 hour to complete. After completion of the CF or NF task, the 

subjective fatigue level assessment was repeated, followed by post-test RT and IT tasks. Testing 

session (NF or CF) as well as IT and RT task order were randomly assigned by the custom 

LabVIEW® program.  
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3.3.3 Cognitive Fatigue and Control Interventions 

In the CF session, participants performed a cognitively demanding dual-task that has previously 

been demonstrated to induce CF, as assessed by both subjective and objective measures of 

fatigue (Peters et al., 2022). In this task, 7 letters appeared consecutively on the study window in 

a pre-generated sequence, for 800 ms each with a pause of 500 ms between letters. Participants 

were instructed that they could use any mental strategy to remember these letters, but that they 

should not rehearse the letters out loud or write them down. After all letters had been displayed, a 

series of math problems was presented for 45 seconds. Participants used their computer mouse to 

select the mathematical operation that correctly completed the math problem displayed (e.g.: 20 

? 5 = 25; answer = +). Written instructions indicated that participants should try to accurately 

complete as many math problems as possible during the 45 second period. To help keep 

participants motivated, feedback of the number of math problems correctly solved and the 

accuracy of responses was provided after each trial at the bottom of the study window. Following 

each 45 second math segment, participants were presented with 7 blank boxes horizontally 

aligned in the middle of the study window and were instructed to use their keyboard to input the 

remembered letters into these boxes, in the correct order. Feedback on the accuracy of memory 

task responses were provided immediately after each attempt (boxes would turn green for 

correctly inputted letters, and red for incorrectly inputted letters). Immediately following this, the 

words “Get Ready” reappeared on the study window, followed 1 second later by 7 new letters. 

The cognitive task repeated in this manner for 60 minutes. Keypress responses and selected math 

operators were recorded using the custom LabVIEW® program.  

In the NF session, in place of the memory / math task, participants were provided a link 

to a documentary film that lasted approximately 55 minutes (English: Uncharted – The Beautiful 
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World of the Amazon, Thompson, 2015; French: Dans le bleu de la Méditerranée, Espla, 2014) 

and were instructed to watch this film in its entirety without interruption and while minimizing 

distractions.  

3.3.4 Pre- and Post-Tests 

Pre- and post-tests were performed immediately before and after the cognitively demanding (CF 

session) and control (NF session) interventions. These tests were used to assess 3 measures: i) 

subjective fatigue level, to confirm that the CF task led to increased feelings of fatigue; ii) simple 

RT, to confirm that the CF task objectively led to increased cognitive processing time; and iii) 

inspection time task performance, to assess the effects of CF on the speed of perceptual 

processing.  

Subjective CF was evaluated using a series of four visual analog scales (VAS) presented 

within the study window. Participants rated their energy level (0-energetic, 10-unenergetic), 

tension level (0-relaxed, 10-tense), and ability to concentrate (0-able to concentrate, 10-unable to 

concentrate) using their computer mouse to slide a visual marker along a horizontal scale of 0-10 

(slider length 200 mm). These three scales were selected from the cognitive and sensory 

subscales of the Piper Fatigue Scale-12 (Reeve et al., 2012). Energy level was used to capture the 

subjective experience of tiredness, while tension level was included as it has been shown to 

increase with effortful sustained attention (Grier et al., 2003; O’Keeffe et al., 2020; Szalma et al., 

2004), and the ability to concentrate was measured since CF has been associated with lapses in 

attention (Boksem et al., 2005). An additional scale was used to assess motivation (0-motivated 

to succeed in the task, 10-unmotivated to succeed in the task), as it has been suggested that 

motivation changes can moderate CF, and also be a result of CF inducement (Herlambang et al., 

2019, 2021; Hockey, 2011).  
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Following subjective fatigue assessment, participants performed either the RT task or the 

IT task. In the RT task, each trial began with the words “Get Ready” appearing on the screen. 

After 1000 ms, the text disappeared. Following a variable (500 – 1500 ms) foreperiod, a black 

circle at the centre of the experimental window illuminated green (go-signal). Participants were 

instructed to respond as quickly as possible by pressing any keyboard key when this go-signal 

was presented. Feedback of RT performance was presented at the bottom of the experimental 

window following each trial. After 2500 ms, the next trial began, again starting with the words 

“Get Ready” appearing on the screen. Pre-test RT assessments began with 12 practice trials 

followed by 30 testing trials, whereas post-test RT assessments included only 30 testing trials.  

In the IT task, each trial began with the words “Get Ready” appearing on the study 

window for 1500 ms (Fig. 3.1). The text then disappeared, and 1500 ms later a fixation cross was 

presented at the centre of the window for 500 ms. The fixation cross then disappeared, and 500 

ms later a pi-figure was presented with its centre at the location of the fixation cross. This figure 

featured two vertical lines (or legs) of differing length (135 px, 115 px) connected at the top by a 

horizontal line (49 px). Note that the legs would appear to be a slightly different size depending 

on the resolution and screen size of the user’s computer (e.g., on a 24 in monitor with 1080p 

resolution, the long leg would appear to be 3.74 cm long and the short leg would appear to be 

3.18 cm long, attached at the top by 1.36 cm line). Two variations of the pi-figure were pseudo-

randomly presented, with the longest leg either on the left or right side of the figure. The pi-

figure was briefly displayed for a duration of 15, 30, 45, 60, 75 or 90 ms, and then backward 

masked using a “lightning” mask. On each trial, participants were instructed to indicate whether 

they perceived the longer leg of the figure to be on the left or the right by using their mouse to 

click an on-screen button labelled “left” or “right”. Following their selection, the next trial began 
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with the words “Get Ready” re-appearing in the study window. Pre-test IT assessments included 

12 practice trials followed by 60 testing trials, whereas post-test IT assessments included only 60 

testing trials. In both the pre- and post-test, 10 testing trials of each stimulus duration were 

delivered, with 5 “left leg longer” stimulus trials and 5 “right leg longer” stimulus trials 

presented at each stimulus duration.  

 

Fig. 3.1 A schematic illustration of the timeline for each trial of the inspection time task. Trials 

began with the words “Get Ready” displayed on the study window for 1500 ms. A fixation cross 

was then displayed at the centre of the screen for 500 ms, before the “pi-figure” was displayed 

for 15, 30, 45, 60, 75 or 90 ms. The pi-figure was then immediately replaced with a backward 

mask for 500 ms. Participants then used their computer mouse to select a button indicating the 

perceived side of the longest pi-figure leg and their response accuracy was recorded. 
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3.4 Data Reduction 

A total of 353 data sets were collected, including 190 NF session data sets and 163 CF session 

data sets. Given that data collection occurred remotely and was unsupervised, data sets were 

thoroughly screened (using a priori defined criteria) to exclude those that may have included 

errors such as lapses in attention, overly speedy or slow performance, random responding, or 

breaks in experiment completion. 222 data sets which did not meet these quality standards were 

excluded as it could not be assumed that participants followed instructions as requested. Data 

were removed for not adhering to the following quality checks (note that some data sets failed to 

meet several standards): NF task length greater than 90 minutes in length [n = 15]; NF task 

duration less than 30 minutes in length [n = 40]; CF task duration greater than 70 minutes in 

length [n = 9]; CF task duration less than 50 minutes in length [10]; IT task duration greater than 

2.5 standard deviations from the mean (> 9.52 minutes) [n = 33]; RT task duration greater than 

2.5 deviations from the mean (> 2.61 minutes) [n = 13]; number of CF task trials attempted less 

than 2.5 standard deviations from the mean (< 30 trials) [n = 24]; mean number of math 

problems attempted per trial in the CF task less than 2.5 standard deviations from the mean (< 

4.58 problems attempted) [n = 2]; mean number of correctly remembered letters per trial in the 

CF task less than 2.5 standard deviations from the mean (< 2.28 letters correctly remembered) [n 

= 4]; total experiment duration less than 50 minutes in the NF session or 70 minutes in the CF 

session [n = 39];  total experiment duration greater than 130 minutes in the NF session or 110 

minutes in the CF session [n = 38]; less than 12 hours between testing sessions if both the NF 

and CF task were attempted (only the second session discarded) [n = 8]; and an IT task 

performance with less than 70% correct responses in the pre-test 90 ms stimulus condition [n = 

175].  
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A total of 131 data sets (37.1% of total collected) were retained following the above 

quality checks (71 NF sessions and 60 CF sessions). RT and IT task practice trials were excluded 

from these data prior to analyses. Further reduction of RT data was performed to remove error 

trials and outlying data points: 208 trials were removed for anticipation of the go-signal (RT < 

100 ms; 112 from NF sessions, 96 from CF sessions); 286 trials were removed for slow 

responding (RT > 500 ms), indicating a lapse in attention (170 from NF sessions, 116 from CF 

sessions); and 92 outlier data points (> or < 3 SD from the mean) were removed (CF pre-test: 29, 

CF post-test: 9, NF pre-test: 28, NF post-test: 26). A total of 93.5% of RT testing trials were 

retained following this further reduction of RT data. A final reduction was performed to remove a 

small subset of participants (n = 6) who performed the IT task with a different, pilot set of 

stimulus durations than were delivered to all other participants, resulting in a final total of 119 

data sets retained for analysis. While the final data inclusion rate was low (only 33.7% of data 

collected were retained), extensive data reduction based on a priori defined criteria was 

necessary to ensure that only data where participants adhered to study instructions were included 

for analyses. 

3.5 Statistical Analysis 

Summary data that support the findings of this study are available at [OSF: 

https://doi.org/10.17605/OSF.IO/GK7JF] (Peters et al., 2023). Statistical analyses were 

completed using linear mixed-effect and logistic mixed-effect model analyses in R statistical 

software (Bates et al., 2015; R Core Team, 2021). Linear mixed-effect models were assessed for 

homoscedasticity and approximate normal distribution of residuals. Logistic mixed-effect models 

were assessed for uniformity of residuals, as well as for the absence of zero-inflation and 

significant over- or under-dispersion using the DHARMa package (Hartig & Lohse, 2022). 

https://doi.org/10.17605/OSF.IO/GK7JF
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Where linear mixed-effect models were used, the significance of fixed effects was explored 

using analysis of variance of each model, with F-tests and p-values using Satterthwaite's method 

for denominator degrees-of-freedom and F-statistic, applied using the lmerTest package 

(Kuznetsova et al., 2017). Logistic mixed-effect models were computed using the glmer function 

with an additional term specifying a binomial outcome variable (family = binomial (link = 

”logit”)). In this case, the car package (function: Anova) was used to examine the significance of 

fixed effects, obtained by Type II Wald Chi-Square testing (J. Fox & Weisberg, 2019). Wald-Chi 

Square p-values were verified against those obtained by likelihood ratio Chi-Square tests of 

models with the effects of interest against a null model without the effects of interest.  

In all cases, differences with a probability of .05 or less were considered significant. 

Where applicable, planned post hoc contrasts with Bonferroni corrections, estimated marginal 

means, and 95% confidence intervals for each measure were determined within each analysis 

using the emmeans package (Lenth et al., 2021). Mixed-effect model analyses were chosen 

because they are capable of handling unbalanced data sets and missing data, and because they 

can expressly model within-participant variance across conditions. Furthermore, these analyses 

have been shown to be superior to other methods in controlling for Type I errors (Barr et al., 

2013; Bates et al., 2015; Boisgontier & Cheval, 2016; Judd et al., 2012), and to have greater 

power to detect significant differences, if they truly exist (Brown, 2021). However, it is 

important to note that there is no widely established method of calculating standardized effect 

sizes for individual mixed-effect model factors or for interactions between factors. As such, 

where possible, unstandardized effect sizes (odds ratios or mean differences and associated 95% 

confidence intervals determined using the modelbased package) are presented (Makowski et al., 

2020), as recommended by Pek and Flora (2018). 
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3.5.1 Subjective Fatigue  

An average score of the four 10-point measures assessed by the VAS (energy, ability to 

concentrate, motivation, and tension level) was calculated to provide an overall subjective 

fatigue score. This score was subtracted from 10, so that higher scores (on a scale of 0-10) 

represented greater levels of subjective fatigue (subjective fatigue score = 10 – [(Energy Score + 

Concentration Score + Motivation Score + Tension Score) / 4]). Overall subjective fatigue scores 

were then assessed with a linear mixed-effect model including the fixed effect interaction of 

testing session (NF, CF) and time (pre-test, post-test), with random intercepts specified for the 

effect of participant: model = Subjective Fatigue Score ~ Session*Time + (1 | Participant).  

3.5.2 Simple Reaction Time  

A linear mixed-effect model was also used to assess changes in RT, in response to the fixed effect 

interaction of testing session (NF, CF) and time (pre-test, post-test). For the analysis of RT, 

model fit was significantly improved by the inclusion of reported sex assigned at birth (male or 

female) as a main effect without interaction. As such, sex was also included in the RT model2, 

which again included random intercepts for the effect of participant: model = RT ~ Session*Time 

+ Sex + (1 | Participant).  

3.5.3 Inspection Time Task Performance  

IT task response accuracy on each trial is a binary outcome (0 = incorrect, 1 = correct), so 

logistic mixed-effect analyses were used to model this data, using random intercepts for the 

effect of participant: model = Accuracy ~ Session*Time*Stimulus Duration + (1 | Participant). 

 
2 A likelihood ratio test of three models (no effect of sex, interacting effect of sex, and main effect of sex) indicated 

that the RT model with sex as a main effect provided the best model fit (χ² (1) = 10.83, p < .001). The addition of sex 

as a main or interacting effect did not significantly improve the model fit for subjective fatigue (main effect: χ² (1) = 

0.81, p = .369; interacting effect: χ² (3) = 5.74, p = .125) nor IT task performance (main effect: χ² (1) = 0.6583, p = 

.417; interacting effect: χ² (23) = 34.21, p = .062), so sex was not included as a factor in these analyses.  
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An additional term for parameter optimization (“Bound Optimization by Quadratic 

Approximation (BOBYQA)”) was included in this model, with a set maximum of 200,000 

iterations (Powell, 2009).  

Post hoc testing was pre-planned to assess only the effects of greatest interest. Planned 

testing included a comparison of response accuracy at each IT task stimulus duration against all 

others (over all testing times and sessions) to confirm previously demonstrated stimulus duration 

effects (15 comparisons), as well as relevant comparisons between sessions and/or testing times 

within each level of the remaining factors (e.g., between test times at each stimulus duration; 12 

comparisons).  

3.6 Results 

3.6.1 Subjective Fatigue  

Subjective fatigue score as a function of time (pre-test, post-test) and testing session (NF, CF) is 

presented in Fig. 3.2. Linear mixed-effect analysis demonstrated significant main effects of both 

time (F(1, 147) = 82.21, p < .001, mean difference score pre to post = +1.49, 95% CI [1.17, 

1.82]) and testing session (F(1, 223) = 35.94, p < .001, mean difference score between NF and 

CF = +1.14, 95% CI [0.76, 1.51]), which were superseded by a significant time x session 

interaction (F(1, 147) = 42.52, p < .001). Planned post hoc comparisons indicated a significant 

increase in subjective fatigue score from pre- to post-test in the CF session (mean difference 

score pre to post = +2.56, 95% CI [2.08, 3.05]; p < .001). No significant difference in subjective 

fatigue score from pre- to post-test in the NF session was observed (mean difference score pre to 

post = +0.42, 95% CI [-0.02, 0.86]; p = .244). Pre-test measures of subjective fatigue did not 

differ significantly between the NF and CF sessions (mean difference score between NF and CF 

= +0.07, 95% CI [-0.43, 0.56]; p > .999), while post-test subjective fatigue scores were 
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significantly greater in the CF session (mean difference score between NF and CF = +2.21, 95% 

CI [1.71, 2.71]; p < .001). 

 

Fig. 3.2 Estimated marginal mean subjective cognitive fatigue scores. Scores are shown for each 

session (Cognitive Fatigue, CF; Non-Fatiguing, NF) and testing time (Pre-Test, black circles; 

Post-Test, gray circles). Error bars represent 95% confidence intervals. Asterisks indicate 

significant comparisons (p < .050). 

3.6.2 Simple Reaction Time  

Simple reaction time as a function of time (pre-test, post-test) and testing session (NF, CF) is 

presented in Fig. 3.3. RT analysis demonstrated a significant main effect of time (F(1, 6493) = 

17.82, p < .001, mean difference pre to post = +5.3 ms, 95% CI [2.82, 7.71]) which was 

superseded by a significant session x time interaction (F(1, 6493) = 12.11, p < .001). Post hoc 
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analyses confirmed that RT increased significantly from pre- to post-test in the CF session (mean 

difference pre to post = +9.6 ms, 95% CI [6.0, 13.2], p < .001). No significant change from pre- 

to post-test in the NF session was observed (mean difference pre to post = +0.92 ms, 95% CI [-

2.4, 4.2], p > .999). Pre-test measures of RT did not differ significantly between the NF and CF 

sessions (mean difference between NF and CF = -1.8 ms, 95% CI [-6.6, 3.0], p > .999), while 

post-test RT was significantly longer in the CF session (mean difference between NF and CF = 

+6.9 ms, 95% CI [2.1, 11.7], p = .020). A significant main effect of sex was also observed (F(1, 

99) = 11.20, p = .001), with male participants displaying significantly shorter reaction times than 

female participants (mean RT male = 278 ms, 95% CI [269, 288]; mean RT female = 297 ms, 

95% CI [291, 304]).  
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Fig. 3.3 Estimated marginal mean reaction time. Reaction time (ms) is shown for each session 

(Cognitive Fatigue, CF; Non-Fatiguing, NF) and testing time (Pre-Test, black circles; Post-Test, 

gray circles). Error bars represent 95% confidence intervals. Asterisks indicate significant 

comparisons (p < .050). 

3.6.3 Inspection Time Task Performance 

Inspection time task response accuracy (probability of correct response) as a function of stimulus 

duration, time (pre-test, post-test) and testing session (CF, NF) is shown in Fig. 3.4. As expected, 

response accuracy significantly increased along with stimulus display duration (χ² (5) = 697.90, p 

< .001); but importantly, no significant main effects of testing time (pre-test vs. post-test; χ² (1) = 

.46, p = .500) or session (CF vs. NF; χ² (1) = 1.31, p = .252) were observed. A significant 

interaction was found between stimulus duration and time (χ² (5) = 21.27, p < .001), while the 
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interactions between stimulus duration and session (χ² (5) = 0.38, p = .996), between time and 

session (χ² (1) = 0.07, p = .791), and between time, session, and stimulus duration (χ² (5) = 5.05, 

p = .410) were not significant. Post hoc comparisons demonstrated significant improvement in IT 

task response accuracy with increasing IT stimulus duration, except when comparing the 15 ms 

and 30 ms stimulus durations (Table 3.1). A significant pre- to post-test decrease in the 

probability of a correct response was apparent only at the 90 ms stimulus duration condition 

(odds ratio = 1.61 [1.30, 1.99], p = .002), while a non-significant trend for improved response 

accuracy from pre- to post-test was observed at most other stimulus durations (30, 45, 60, and 75 

ms). No other significant differences from pre- to post-test were detected (Table 3.1).  
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Fig. 3.4 Model predicted probability of a correct response for each stimulus display duration 

during the inspection time task. Data are presented as a function of session (Cognitive Fatigue, 

CF; Non-Fatiguing, NF), and testing time (Pre-Test, black circles; Post-Test grey circles). Error 

bars and shaded regions represent 95% confidence intervals. 
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Table 3.1 Post hoc comparisons of inspection time task performance. Odds ratios and associated 

95% confidence intervals (CI), the difference in the probability of a correct response (∆ prob.), 

and Bonferroni corrected p-values are presented. 

 

Comparison Odds Ratio 95% CI ∆ prob. p-value 

Stimulus Duration     

15 ms 30 ms 1.01 0.90, 1.14 0.016 1.000 

15 ms 45 ms 0.77 0.69, 0.87 0.080 <.001 

15 ms 60 ms 0.57 0.50, 0.64 0.148 <.001 

15 ms 75 ms 0.38 0.33, 0.43 0.229 <.001 

15 ms 90 ms 0.25 0.22, 0.29 0.295 <.001 

30 ms 45 ms 0.82 0.73, 0.93 0.064 <.001 

30 ms 60 ms 0.60 0.54. 0.68 0.132 <.001 

30 ms 75 ms 0.40 0.35, 0.46 0.213 <.001 

30 ms 90 ms 0.27 0.23, 0.31 0.279 <.001 

45 ms 60 ms 0.79 0.70, 0.90 0.068 <.001 

45 ms 75 ms 0.53 0.47, 0.60 0.149 <.001 

45 ms 90 ms 0.35 0.31, 0.40 0.215 <.001 

60 ms 75 ms 0.72 0.63, 0.82 0.081 <.001 

60 ms 90 ms 0.48 0.42, 0.55 0.147 <.001 

75 ms 90 ms 0.72 0.62, 0.83 0.066 <.001 

Time x Stimulus Duration  

15 ms Pre 15 ms Post 1.14 0.97, 1.34 -0.013 1.000 

30 ms Pre 30 ms Post 0.89 0.75, 1.05 0.047 .122 

45 ms Pre 45 ms Post 1.03 0.87, 1.22 0.012 1.000 

60 ms Pre 60 ms Post 1.00 0.84, 1.19 0.016 1.000 

75 ms Pre 75 ms Post 0.95 0.78, 1.14 0.024 1.000 

90 ms Pre 90 ms Post 1.61 1.30, 1.99 -0.057 .002 
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3.7 Discussion 

In the current study, a challenging, sustained cognitive task was successfully employed to induce 

cognitive fatigue among participants. This was evidenced by significant increases in subjective 

CF scores (Fig. 3.2) and simple RT latency (Fig. 3.3) following completion of the CF 

intervention, but not the control (NF) intervention. Results for the IT task were as expected based 

on what has been documented in previous works (Irwin, 1984; Vickers & Smith, 1986), such that 

response accuracy significantly increased along with IT stimulus duration for all but one of the 

comparisons examined. While it was clear that CF and IT manipulations were successful in their 

respective aims, no meaningful changes to IT task response accuracy could be attributed to CF. It 

was expected that if the speed of perceptual processing was negatively impacted by CF, then a 

similar decrease in response accuracy would have been observed across stimulus durations, or at 

least across those that achieved a baseline response accuracy above the level of chance (50%). 

This would be reflected in an overall rightward shift of the stimulus duration by response 

accuracy curve, such that the IT task display duration required to achieve a comparative level of 

accuracy is generally increased. However, as seen in Fig. 3.4, such a shift did not occur to any 

measurable degree. While a significant pre- to post-test decrease in response accuracy was 

observed in the 90 ms stimulus duration condition, this change did not differ between the CF and 

NF interventions, and therefore is unlikely to be an effect of CF. This is supported by the fact that 

response accuracy actually appeared to improve (although not significantly so) from pre- to post-

test at most other stimulus durations (30, 45, 60, and 75 ms; Table 3.1). Instead, the pre- to post-

test reduction in performance at the 90 ms stimulus duration over both sessions may be due to 

natural response variation or outlying data points that were not captured by the data reduction 

process. 
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An alternative potential explanation for the null effect of CF on IT response accuracy is 

that the experimental manipulation was simply not sensitive enough to detect CF-related changes 

in IT task performance that may exist. While this is a possibility, the number of participants 

included in this study was large compared to the number specified by a priori sample size 

calculations. Despite extensive data exclusion, statistical power was evidently adequate to 

reliably detect CF-related increases in subjective fatigue, and even increases in RT that may be 

considered small compared to some other reports (for example, see Jaydarifard et al., 2019; 

Langner, Steinborn, et al., 2010; Lim et al., 2010). As such, it is likely that changes to IT task 

performance in CF would also have been detected if they did indeed exist in the current 

experimental manipulation. Furthermore, although there are few examples of analyses comparing 

IT task response accuracy between conditions or time points, performance differences of 

approximately 12-18% have been previously reported (e.g., Hajj et al., 2019). Much smaller 

magnitude changes between testing conditions were observed here (the overall percent change 

from pre- to post-test was less than 1%, while the percent difference between the NF and CF 

sessions was approximately 2.3%). As this is a null result, it cannot be definitively concluded 

that IT task performance (and therefore speed of perceptual processing) is not affected by CF; 

nevertheless, due to the large sample and relatively small effects observed, the present analysis 

does provide some evidence in support of this conclusion.  

The results observed here are somewhat contradictory to previous studies demonstrating 

auditory perceptual processing impairments in CF (Jain et al., 2022; Jain & Nataraja, 2019; 

Simon et al., 2020). These studies examined perceptual processing in the auditory domain using 

tests of speech perception in noise and temporal processing, while the current study employed a 

visual discrimination task. Arguably, these tasks are similar in that they assess the early stages of 
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sensory information processing, and as such, may theoretically respond similarly to fatigue. 

However, it is possible that the effects of CF on early sensory information processing are 

dependent on the sensory modality being tested (e.g., Matuz et al., 2019). While modality-

specific effects were not addressed in the current analysis, visual processing may be less 

sensitive to the effects of CF than processing in the auditory domain. This may partly explain 

why the current analysis demonstrated no significant effects of CF on IT task performance. The 

present results are also contrary to the results of some studies investigating the effect of CF on 

electrophysiological indices. In particular, several studies have demonstrated CF-related 

decreases in the amplitude of early sensory ERPs (i.e., N1; Boksem et al., 2005; Faber et al., 

2012; Ghani et al., 2020; Samuel et al., 2019; L. Sun et al., 2022). These N1 amplitude shifts are 

thought to reflect early sensory processes such as alerting to, orienting to, or discriminating a 

stimulus (Gonçalves et al., 2018; Hopf et al., 2002; Neuhaus et al., 2010; Sokhadze et al., 2017). 

However, although the IT task requires participants to alert to the pi-figure and to discriminate 

between the shorter and longer legs of the stimulus, no apparent CF-related decline in IT task 

performance was observed in the present analysis. This could suggest that N1 amplitude 

decreases in CF do not primarily reflect an impairment of early visual processing related to 

discriminating or alerting to a stimulus, and instead may be more related to impairments in the 

ability to spatially orient towards a stimulus, which was not a major requirement of the IT task. 

Alternatively, the resistance of IT task performance to CF may be in accordance with a different 

hypothesis – that compensatory neural mechanisms can act to mitigate the impairment of sensory 

processing, such that while the amplitude of early sensory ERPs may decline in CF, efficient 

perceptual processing is maintained (Samuel et al., 2019). Additional research, ideally with 
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combined electrophysiological and behavioural measures of sensory processing, would be 

required to determine whether these possibilities have merit. 

This study had several limitations of note. As mentioned previously, the RT decrements 

observed following the CF intervention were of a smaller magnitude (+9.6 ms) than has been 

reported in some other cases (approximate mean range of +20-30 ms; see Jaydarifard et al., 

2019; Langner, Steinborn, et al., 2010; Lim et al., 2010), but were comparable to what was 

reported previously when the same CF task was employed (+7.30 ms; Peters et al., 2022). 

Although standardized effect sizes were not reported due to the nature of the chosen analyses, it 

may be meaningful to note that according to Brysbaert & Stevens (2018), the effect size of RT 

changes in cognitive psychology is typically small (i.e., around d = .10), and that a minimum of 

1600 data points per condition would be required to detect such small changes – a condition that 

was met by the large sample included here. Accordingly, it is possible that such small (but 

reliably elicited) RT changes are simply representative for the CF intervention that was used. 

Future studies may compare this CF intervention with others that have been employed elsewhere 

(e.g., as in O’Keeffe et al., 2020; Smith et al., 2019) to determine whether there are task demands 

particular to (or lacking in) this task that might explain the discrepancy in CF-related RT 

increases.  

An additional limitation of this work relates to its virtual deployment. While virtual 

deployment allowed a greater number of participants to be tested compared to a laboratory-based 

task, an extensive data reduction process was required to eliminate poor quality data. Even with 

this process, it is still certainly possible that some factors remained uncontrolled. For instance, 

while the study window and all stimuli were consistent in size, participants may have been seated 

at different distances from their computer monitor and could have used computer monitors with 
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differing resolutions. This may have had some impact on the estimation of IT task performance 

as the relative size of the pi-figure arms may have been slightly different between participants. 

However, this effect would likely not have a large overall effect on the results due to the within-

participant nature of the study design. Furthermore, although participants were asked to find a 

quiet, distraction-free place to complete the study, it cannot be confirmed that these instructions 

were always followed. In this vein, one previously documented finding is that distractibility 

increases with CF, and the ability to attend to task-relevant stimuli declines (Boksem et al., 2005; 

Csathó et al., 2012; Herlambang et al., 2019). Given this, it is possible that some participants 

may have become distracted and strayed from focusing on the task at some point during the 

experiment, especially as they became increasingly cognitively fatigued (i.e., following the CF 

intervention). Considering that both RT and IT performance typically depend on attentiveness to 

task-relevant stimuli, such a reduction in attentional focus could work to impair both IT and RT 

task performance (M. C. Fox et al., 2009; Hill et al., 2011; Prinzmetal et al., 2005). Instead, only 

a reduction in RT performance (and not IT task performance) was observed following the CF 

intervention. Overall, the present results seem to indicate that CF has no significant impact on IT 

task performance, regardless of the mechanism that is considered (i.e., perceptual processing 

speed or attentiveness to the stimuli). 

3.8 Conclusion 

The current study employed an IT task to determine whether perceptual processing impairments 

could underlie RT increases that have been observed in CF. Following the CF intervention, but 

not the NF intervention, participants demonstrated significantly increased levels of subjective 

fatigue, as well as modestly increased RT. Nevertheless, no meaningful change in IT response 

accuracy was observed following CF. As such, perceptual processing impairments appear to be 
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an unlikely source for slowed RT in CF, which instead may be due to a delay in another stage of 

sensorimotor processing. For example, while previous work has indicated that the level of 

response preparation is likewise unimpaired in CF, it is unclear whether CF could lead to a delay 

in the speed of response preparation (Peters et al., 2022). Simple RT increases in CF may also be 

attributable to impaired response initiation processes. Future studies should work to assess these 

possibilities and would also benefit from considering how the negative effects of CF on RT 

might be circumvented.  
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Chapter 4. Experiment 3 - Task-Specific Impacts of Cognitive Fatigue on Subjective 

Experience and Psychomotor Performance 

 

4.1 Abstract 

Objective: To determine how cognitive fatigue (CF) affects subjective experience and reaction 

time (RT) performance across tasks with different processing demands (simple, go/no-go, 

choice), and whether these effects depend on the type of fatigue-inducing mental work. 

Background: CF is a psychobiological state of subjective exhaustion from mental effort that can 

compromise workplace productivity and safety. Although slowed RT is an often-observed 

consequence of CF, it is unclear how this compares across RT paradigms and fatigue-inducing 

tasks. Method: Using a remotely administered experiment, 402 participants completed a 60-

minute CF (Math-Memory, Stroop, Time Load Dual-Back) or control (documentary) 

intervention. Subjective ratings (mental fatigue, motivation) and RT performance (simple, go/no-

go, choice) were assessed pre- and post-intervention. Results: Relative to control, all CF tasks 

increased subjective fatigue (p < .001), while motivation declined following Dual-Back and 

Stroop (p ≤ .030) but not Math-Memory. Simple and choice RT slowed significantly following 

all CF interventions vs control (p < .010), with the greatest choice-RT slowing after Stroop (p ≤ 

.032). Only Stroop produced significant go/no-go RT slowing (p = .004). Conclusion: Subjective 

fatigue and simple RT were broadly sensitive to CF, indicating general psychomotor slowing. 

Conversely, motivation and higher-complexity RT measures showed task specific effects, 

perhaps reflecting overlap between fatigue-inducing and RT task demands. Application: Task 

type is important when considering RT as a fatigue-assessment tool. These findings support 

multidimensional (subjective and RT) CF assessments and indicate that simple RT may be 



114 

 

effective for rapid, broad fatigue monitoring, whereas complex RT metrics may be useful when 

exploring task-specific executive processing effects. 

4.2 Introduction 

Cognitive fatigue (CF) is a transient psychobiological state arising from demanding mental 

effort, typically characterized by feelings of mental exhaustion (Ackerman, 2011; Behrens et al., 

2023). CF is operationalized here as resulting from sustained, effortful, goal-directed activity 

requiring continuous cognitive control (“overload/active” CF), in contrast to fatigue sensations 

from low-demand, monotonous conditions (“underload/passive” CF; Desmond & Hancock, 

2001; Pattyn et al., 2018). Active CF is widely experienced, including in occupations such as 

construction (Li et al., 2020; Zhang et al., 2023), transportation (Meng et al., 2015; Reis & 

Canhão, 2013), healthcare (Barker & Nussbaum, 2011; Petrut et al., 2020), and the military 

(Frone & Blais, 2019; Rabat et al., 2025). Although often perceived as routine, CF can have 

significant negative effects, including reduced focus (Boksem et al., 2005), impaired decision 

making (H. Jia et al., 2022), and slower reaction times (Langner et al., 2010; Peters et al., 2024).  

Importantly, these effects translate into real-world consequences. In applied contexts, CF 

leads to notable productivity losses and economic costs, estimated at $330 million annually in 

the US workforce (Keller et al., 2009; Ricci et al., 2007). CF contributes to increased workplace 

accident risk, including reduced hazard detection (~30-40%), slower responses to hazards 

(~20%), and riskier decision making in construction and mining (A. Jia et al., 2022; Li et al., 

2019, 2020; Zhang et al., 2023). CF has additionally been linked to elevated road accident risk 

(Minusa et al., 2021; Mizuno et al., 2020) and impaired reaction time among drivers (e.g., 

slowing by ~17% in one study; Guo et al., 2016). Consistent with this, fatigue is estimated to 

contribute to 15-20% of serious road crashes, which may be particularly prevalent in professional 
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drivers where long work hours and high job demands increase exposure to CF (van Schagen, 

2021). Further, for surgeons, a 3-4% increase in surgical complications can occur per additional 

work hour, potentially mediated by accumulating CF (Chan et al., 2009; Thomas et al., 2012).  

Given its prevalence and impact, there is a growing interest in how CF can be empirically 

assessed to optimize detection and inform fatigue screening. Subjective measures, such as visual 

analog scales, are frequently used but often diverge from cognitive performance metrics and rely 

on accurate self-judgement (Karim et al., 2024; Kunasegaran et al., 2023), highlighting the need 

for objective CF indicators. These have included physiological and neurological metrics (e.g., 

pupillometry, EEG; Bafna & Hansen, 2021; Goodman et al., 2025). However, behavioural 

indices like reaction time may offer a simple and accessible alternative. 

Reaction time (RT), the time between a stimulus onset and motor response, consistently 

slows under CF (Habay et al., 2021; Langner et al., 2010; Peters et al., 2022, 2024). Accordingly, 

brief RT-based fatigue assessments have been developed for applied contexts (e.g., healthcare, 

transportation), including the AlertMeter® (Ferguson et al., 2020; Sherry & Owen, 2022) and the 

NASA-PVT (Arsintescu et al., 2019). Such tools typically compare RT performance to an 

individual’s baseline to index operator readiness.  

Many RT-based assessments (like the PVT) use simple RT, involving a single stimulus-

response pairing (Smith et al., 2019; Staiano et al., 2024). Simple RT is thought to reflect the 

speed of basic psychomotor processing, including stimulus detection, response preparation, and 

movement initiation (Donders, 1969; Lindemann & Fischer, 2023). CF-related slowing of simple 

RT suggests that these fundamental processes are sensitive to CF. However, more complex RT 

paradigms introduce additional cognitive demands: “go/no-go” RT tasks (where one stimulus 

requires a response, another that the response be withheld) emphasize inhibitory processing, 
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while choice RT paradigms (with multiple stimulus-response pairings) require added response 

selection (Eagle et al., 2008; Lindemann & Fischer, 2023; Spijkers & Walter, 1985). These tasks 

also demand greater cognitive flexibility and conflict monitoring compared to simple RT (Simola 

et al., 2017; Szmalec et al., 2008).  

Because they engage differing executive processes, simple, go/no-go, and choice RT 

tasks may vary in sensitivity to CF. This presents an important limitation for applied and 

experimental contexts: although RT is widely used to index CF, it remains unclear how findings 

generalize across different RT paradigms, and whether they provide comparable or distinct 

information about fatigue-related performance changes. Accordingly, the first aim of this study is 

to compare CF effects across these RT tasks to determine whether differential effects exist. If so, 

this may identify psychomotor processes preferentially impacted by CF and inform the use of RT 

measures in operational and research settings.   

The second aim is to explore how different cognitively demanding tasks – the Modified 

Incongruent Stroop (Pageaux et al., 2015; Stroop, 1935), Time Load Dual-Back (Borragán et al., 

2016, 2017), and Math-Memory tasks (Peters et al., 2022, 2024) – influence subjective and RT-

based CF measures. These tasks share overlapping demands such as sustained attention and 

response selection, but each also emphasizes distinct processes: the Stroop task primarily taxes 

inhibitory control, cognitive flexibility, and conflict monitoring (Heidlmayr et al., 2020; 

Tahamtan et al., 2025); the dual-back task requires continuous stimulus comparison and 

working-memory updating (Borragán et al., 2017; Wan et al., 2020); and the Math-Memory task 

emphasizes information maintenance and interference control across longer retention intervals 

while attention is divided (Hensen et al., 2024; Raghubar et al., 2010).  
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These distinctions allow examination of whether CF-related RT changes are general or 

depend on the overlap between the cognitive demands of the fatigue-inducing task and the RT 

paradigm. For example, a Stroop intervention (emphasizing inhibitory control) might 

preferentially impair performance requiring response inhibition, such as go/no-go RT. This aligns 

with resource-depletion frameworks, in which performance declines when shared, limited 

cognitive resources are taxed by simultaneous or successive demands (Parasuraman, 2000; 

Wickens, 1991). Demonstrating such task-specific dependence would indicate that CF does not 

simply produce general psychomotor slowing but can affect performance through interactions 

among specific executive functions (Persson et al., 2007, 2013; Van Cutsem et al., 2022).  

While prior studies have compared CF interventions using measures such as subjective 

fatigue, physical endurance, and simple RT (Dallaway et al., 2022; O’Keeffe et al., 2020; Smith 

et al., 2019), it remains unclear how subjective sensations and multiple psychomotor processes 

respond to different CF-inducing tasks within the same experimental framework. Addressing this 

gap, the present study pursued two aims directly relevant to CF assessment: (1) to compare CF 

effects across RT paradigms reflecting varying psychomotor processes (simple, go/no-go, 

choice), and (2) to evaluate whether CF-related RT slowing depends on depletion of shared 

cognitive resources engaged by the preceding mental task. Together, these aims clarify CF’s 

impact on psychomotor performance, informing experimental and applied RT-based assessments 

of fatigue and operator readiness. This may be especially informative for safety-critical 

occupations, where even small RT delays can introduce substantial risk.  



118 

 

4.3 Materials and Methods 

4.3.1 Participants 

An a priori power analysis (power = .95, partial η2 = 0.025) indicated that ~285 participants were 

needed (Peters et al., 2022, 2024). Data were collected from 500 volunteers to account for 

anticipated quality-control exclusions and increased variability associated with heterogeneous 

remote testing environments and varying levels of compliance. After screening, 402 healthy 

adults (mean age = 21.1 ±5.5 years; 270 female) were retained. All participants reported normal 

or corrected-to-normal vision and no history of motor control disorders or chronic fatigue. This 

research was conducted in accordance with the Declaration of Helsinki and was approved by the 

University of Ottawa Research Ethics Board. All participants provided informed consent.  

4.3.2 Study Design 

This study followed a between-groups pre-test-post-test design. Testing was conducted remotely 

using a standalone LabVIEW® application. Participants completed a single ~90-minute session 

on their laptop or desktop computer in a quiet, interruption-free environment. Following 

eligibility screening and consent, participants completed a questionnaire capturing sex assigned 

at birth, age, handedness, sleep quantity and quality, caffeine intake (prior 12 hours), and recent 

mental/physical activity. The experiment then began, including (1) pre-intervention subjective 

ratings and RT tests; (2) a 60-minute cognitive (groups 1-3) or control (group 4) intervention; 

and (3) post-intervention subjective ratings and RT tests in identical order to baseline (Fig. 4.1). 

All responses were time-stamped for quality checks. Appendix B.1 contains extended 

methodological details.   
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4.3.3 Subjective Ratings 

Participants used their mouse/trackpad to move digital sliders along horizontal, linear, 

continuous visual analog scales rating cognitive fatigue level (0 = not at all mentally fatigued, 10 

= extremely mentally fatigued) and motivation level (0 = motivated to succeed in the task, 10 = 

indifferent about the task) before and after the intervention (Michielsen et al., 2003).  

4.3.4 Reaction Time Tasks 

Participants performed 20 simple, 40 go/no-go, and 40 two-choice RT trials pre- and post-

intervention, preceded by 10 baseline practice trials per task (blocked and randomised). Each RT 

trial began with a warning signal (“Get Ready”) above a black open circle for 1000 ms. This was 

followed by a 500-1500 ms variable foreperiod before the circle illuminated (imperative 

stimulus).  

In the simple RT task, the circle illuminated blue, signalling a right index finger press of 

the “L” key. In the go/no-go RT task, the circle either illuminated blue (press “L”) or orange 

(withhold response). The same pattern was preserved in the choice RT task, except that orange 

stimuli signalled a left index finger press (“S” key). Go/no-go and choice stimulus options were 

presented randomly at equal frequency. Participants were instructed to respond as quickly and 

accurately as possible. Feedback (RT and errors) was displayed for 2500 ms after each trial.  

4.3.5 Cognitive Interventions 

Participants were randomly assigned to one of four 60-minute interventions: Modified 

Incongruent Stroop task (ST; Pageaux et al., 2015), Time Load Dual-Back task (DB; Borragán et 

al., 2016, 2017), Math-Memory dual-task (MM; Peters et al., 2022, 2024), or a “non-fatiguing” 

control (NF). All began with a ~2-3-minute instruction video (Appendix E.2). NF participants 

viewed a documentary (“Animal Language”, Baus & Farmer, 2005), providing a low-demand 
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comparison intended to minimise active cognitive control relative to the cognitive interventions. 

Cognitive interventions were adaptive, such that difficulty (available response time) was 

individually adjusted to maintain ~85% accuracy, encouraging continuous, high-load cognitive 

work (O’Keeffe et al., 2020; Staiano et al., 2024).  

Math-Memory Dual-Task (MM). Adapted from Peters et al. (2022, 2024), the MM task 

combines working memory retention and math-based interference. Each trial presented 7 letters 

in sequence. While attempting to hold these letters in memory, participants completed a 45-

second math task requiring selection of correct mathematical operators to complete presented 

equations, before inputting the letters recalled from the last-displayed letter sequence. The next 

trial then began with a new letter sequence.  

Modified Incongruent Stroop Task (ST). Similar to that employed by Pageaux et al. 

(2015), this Stroop task targets selective attention and inhibitory control, while also requiring 

frequent task-set switching. Incongruent color-word stimuli (e.g., “RED” in blue font) were 

presented. When the font colour was blue, red, or green, participants were to report the font color 

via keypress. Conversely, when the font was yellow, participants instead selected the response 

key reflecting the word meaning.   

Time Load Dual-Back Task (DB). This version of the dual-back task was based on that 

of Borragán and colleagues (2016, 2017) and involves frequent updating of working memory 

with task interference. Numbers and letters were presented alternately. If a number was 

presented, participants were required to indicate parity via keypress (Odd = “1”, Even = “2”). If a 

letter was presented, participants were instructed to press the space bar if that letter matched the 

one previously presented (n-back paradigm).  
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Fig. 4.1 Timeline of tasks involved in an experimental session.  

4.4 Data Reduction 

To enhance data integrity under remote, unsupervised conditions, data sets violating pre-defined 

criteria were excluded (Table 4.1). After exclusion, 402 data sets (80.4%) remained (105 MM, 94 

ST, 84 DB, 119 NF).  

Within remaining data, RT trials were removed if RT < 100 ms (anticipations), RT > 

mean +2 SD within each task (lapses), or if a commission or choice error occurred, excluding 

9.24% of RT trials. Commission or choice errors were analysed separately; practice trials were 

not assessed. Additional exclusion details are available in the Appendix B.2. 
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Table 4.1 Description of data set exclusion. A single data set may be flagged with multiple 

exclusion criteria; therefore, the number of flagged data sets exceeds the total number of data 

sets excluded. NF = Control, MM = Math-Memory, ST = Modified Incongruent Stroop, DB = 

Time Load Dual-Back, RT = reaction time. 

Exclusion Criteria Number of Data Sets Flaggeda 

NF duration outside 30-90 min 22 

CF duration outside 50-70 min 42 

RT task duration outside of mean ±2.5 SD 1 

MM/ST/DB task trials attempted < mean -2.5 SD 19 

MM math attempts per trial < mean -2.5 SD 2 

MM correct letters per trial ≤ 1 6 

ST/DB accuracy ≤ 0.60 28 

Total session duration outside 70-140 min 57 

Total Number of Data Sets Excluded  98 

 

4.5 Statistical Analysis  

Baseline demographic and lifestyle measures were compared across groups using chi-square or 

Fisher’s exact tests (where counts < 5) for categorical variables and Kruskal-Wallis tests for 

continuous variables.  

Effects of CF on subjective and RT measures were analysed with linear mixed-effect 

models (LMMs) including fixed effects of timepoint (pre, post), intervention (MM, ST, DB, NF), 

and their interaction. Generalized LMMs (GLMMs) with a Poisson distribution (log link) 

estimated the log of the model-predicted mean RT error counts as a function of the predictors 

(same fixed effects as noted above). 
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To compare CF effects across RT task types (simple, choice, go/no-go), RT change scores 

(post-pre intervention) were analysed in an LMM with fixed effects of RT task type, 

intervention, and their interaction. The association between subjective fatigue change scores and 

RT change was tested with a similar LMM, adding subjective fatigue change score and its 

interactions as predictors. 

All models included by-participant random intercepts to account for repeated measures. 

Fixed-effect significance was assessed using F-tests for LMMs and Wald chi-square tests for 

GLMMs (Fox & Weisberg, 2019; Kuznetsova et al., 2017). Holm-Bonferroni-corrected post hoc 

comparisons were applied (Lenth et al., 2021). Where possible, approximate Cohen’s d (da) 

values were derived from model-based standardized mean differences with total model variance 

used for standardization (Lenth et al., 2021). Unstandardized effect sizes (incidence rate ratios 

and mean differences ±95% CI) are also reported (Pek & Flora, 2018). Additional analyses are 

presented in Appendix B.3.  

4.6 Results 

4.6.1 Baseline Demographic and Lifestyle Measures 

Demographic and lifestyle measures did not differ between intervention groups in any variables 

assessed (all p > .189), indicating successful randomisation. 

4.6.2 Subjective Ratings   

Neither subjective fatigue nor motivation differed significantly between interventions at baseline 

(both p > .241). Subjective fatigue showed significant main effects of timepoint (F(1, 398) = 

505.72, p < .001) and intervention (F(3, 398) = 9.65, p < .001) with a significant interaction (F(3, 

398) = 21.32, p < .001). Subjective fatigue increased more pre- to post-test over the MM, ST, and 

DB interventions compared to NF (Table 4.2; Fig. 4.2a).  
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Task indifference (i.e., inverse of motivation) also demonstrated a significant main effect 

of timepoint (F(1, 398) = 124.61, p < .001) and a timepoint x intervention interaction (F(3, 398) 

= 4.99, p = .002). Indifference rose significantly more over ST and DB compared to NF, while no 

such effect was observed over the MM intervention (Table 4.2; Fig. 4.2b). No significant 

differences in either subjective measure were observed between cognitive tasks (MM, ST, DB). 

 

Fig. 4.2 Model-estimated mean pre- to post-intervention change in subjective ratings. Black bars 

show mean (a) cognitive fatigue and (b) indifference (original scale = 0-10). White areas above 

and below the black bars show SE, dotted line indicates Control (NF) mean, and points show 

individual data with violin distributions. NF = Control, MM = Math-Memory, ST = Modified 

Incongruent Stroop, DB = Time Load Dual-Back. 

4.6.3 Reaction Time 

RT did not differ between interventions at baseline within any RT task (all p > .943). For simple 

RT, a significant main effect of timepoint emerged (F(1, 13890) = 318.07, p < .001) alongside a 

timepoint x intervention interaction (F(3, 13891) = 5.55, p < .001). Simple RT slowed more 
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following the MM, ST, and DB interventions compared to NF (Table 4.2), with no significant 

differences among the cognitive tasks (Fig. 4.3a).  

Go/no-go RT also showed a significant main effect of timepoint (F(1, 14850) = 92.70, p 

< .001) and a timepoint x intervention interaction (F(3, 14850) = 4.18, p = .006). Relative to NF, 

go/no-go RT only slowed significantly following ST (Table 4.2); however, ST changes did not 

significantly differ from MM and DB (Fig. 4.3b).  

Choice RT exhibited a significant main effect of timepoint (F(1, 28074) = 144.98, p < 

.001) and a significant timepoint x intervention interaction (F(3, 28074) = 26.50, p < .001). 

Choice RT slowed significantly more over MM, ST, and DB compared to NF (Table 4.2). 

Slowing was greater following ST vs. MM (∆ = +9.55 ms, 95% CI [0.67, 18.42], p = .014, da = 

0.08) and DB (∆ = +8.42 ms, 95% CI [-0.82, 17.66], p = .032, da = 0.07), while MM and DB did 

not significantly vary (Fig. 4.3c).  

Although simple RT demonstrated a slightly greater absolute pre- to post-test increase 

across cognitive interventions (simple: M = 22.3 ms, SD = 38.9 ms; go/no-go: M = 18.2 ms, SD 

= 48.5 ms; choice: M = 19.5 ms, SD = 59.1 ms), and choice RT the largest increase when 

considered relative to NF (Table 4.2), RT change scores did not significantly depend on RT task 

type regardless of the CF intervention (interaction: F(4, 536) = 0.08, p = .989). Further, no 

significant associations were found between subjective fatigue change and RT change (main 

effect of subjective fatigue change: F(1, 378) = 0.33, p = .564; no significant interactions). 
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Fig. 4.3 Model-estimated mean pre- to post-intervention change in reaction time. Black bars 

show mean (a) simple, (b) go/no-go, and (c) choice reaction time (ms). White areas above and 

below the black bars show SE, dotted line indicates Control (NF) mean, and points show 

individual data with violin distributions. Y-axis is truncated to facilitate visualization (0.78% data 

points not shown). NF = Control, MM = Math-Memory, ST = Modified Incongruent Stroop, DB 

= Time Load Dual-Back. 
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Table 4.2 Post hoc comparisons vs. control for subjective ratings and reaction time. NF = 

Control, MM = Math-Memory, ST = Modified Incongruent Stroop, DB = Time Load Dual-Back, 

RT = reaction time; Δ indicates pre- to post-intervention change. 

 Difference 95% CI p da 

Subjective Fatigue Ratings 

 ∆ MM vs. NF +2.58 [1.64, 3.52] < .001 1.13 

 ∆ ST vs. NF +1.77 [0.80, 2.73] < .001 0.78 

 ∆ DB vs. NF +2.26 [1.27, 3.26] < .001 0.99 

Task Indifference Ratings 

 ∆ MM vs. NF +0.66 [-0.36, 1.67] .270 0.26 

 ∆ ST vs. NF +1.11 [0.06, 2.16] .030 0.44 

 ∆ DB vs. NF +1.46 [0.38, 2.55] .002 0.58 

Simple Reaction Time (ms) 

 ∆ MM vs. NF +9.38 [1.88, 16.88] .005 0.13 

 ∆ ST vs. NF +9.94 [2.28, 17.59] .004 0.14 

 ∆ DB vs. NF +8.76 [0.87, 16.65] .014 0.12 

Go/No-Go RT Reaction Time (ms) 

 ∆ MM vs. NF +8.89 [-1.43, 19.22] .115 0.08 

 ∆ ST vs. NF +13.43 [2.93, 23.93] .004 0.13 

 ∆ DB vs. NF +9.39 [-1.55, 20.33] .115 0.09 

Choice RT Reaction Time (ms) 

 ∆ MM vs. NF +18.03 [9.57, 26.50] <.001 0.15 

 ∆ ST vs. NF +27.58 [19.05, 36.12] <.001 0.23 

 ∆ DB vs. NF +19.16 [10.32, 28.00] <.001 0.16 
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4.6.4 Reaction Time Task Errors 

The prevalence of go/no-go commission errors increased significantly pre- to post-test across 

interventions (χ²(1) = 28.23, p < .001; ratio post/pre = 1.41, 95% CI [1.24, 1.61]; Fig. 4.4a).  

The prevalence of choice errors showed a significant timepoint x intervention interaction 

(χ²(3) = 33.18, p < .001). Choice errors increased significantly following MM (ratio post/pre = 

1.34, 95% CI [1.16, 1.53], p < .001), rose but did not significantly change over DB (ratio 

post/pre = 1.11, 95% CI [0.92, 1.34], p = .277), and decreased following ST (ratio post/pre = 

0.78, 95% CI [0.66, 0.93], p = .004) and NF (ratio post/pre = 0.83, 95% CI [0.72, 0.95], p = 

.007). Accordingly, choice errors increased more following MM compared to ST (ratio = 1.71, 

95% CI [1.27, 2.30], p < .001) and NF (ratio = 1.62, 95% CI [1.24, 2.11], p < .001), and 

following DB compared to ST (ratio = 1.42, 95% CI [1.01, 2.00], p = .026) and NF (ratio = 1.35, 

95% CI [0.98, 1.84], p = .039; Fig. 4.4b).   
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Fig. 4.4 Model-estimated mean pre- to post-intervention change in reaction time task error count. 

Black bars show mean count of (a) go/no-go RT commission errors and (b) choice RT errors. 

White areas above and below the black bars show SE, dotted line indicates Control (NF) mean, 

and points show individual data with violin distributions. Y-axis is truncated to facilitate 

visualization (1.89% data points not shown). NF = Control, MM = Math-Memory, ST = 

Modified Incongruent Stroop, DB = Time Load Dual-Back. 

4.7 Discussion 

This study investigated the effects of three cognitive interventions (MM, ST, DB) on subjective 

fatigue-related states and psychomotor performance across RT tasks with varying processing 

demands (simple, go/no-go, choice). Broadly, CF impacted both subjective and objective 

measures in task-specific ways: simple RT and subjective fatigue were impacted similarly across 

cognitive interventions, whereas motivation and choice RT depended on the preceding cognitive 

task demands. These findings provide insight into CF’s effects on psychomotor processing and 

inform fatigue assessment for experimental and applied contexts.  
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4.7.1 Task-Specific Effects of CF on RT Performance 

RT responses to CF varied by RT task and cognitive intervention. Consistent with prior findings, 

simple RT slowed across all cognitive interventions (~+21 ms) relative to control, suggesting 

generalized fatigue-related slowing of the core sensorimotor processes underlying simple RT, 

including preparation, stimulus perception, and response initiation (Lindemann & Fischer, 2023). 

Although modest, this effect was robust across fatiguing tasks (Fig. 4.3a).  

In contrast, go/no-go RT increased relative to control only after ST; however, this effect 

did not differ from increases over MM and DB (Fig. 4.3b). Commission errors increased 

significantly pre- to post-intervention, but this occurred across both CF and control conditions, 

implying a general time-on-task effect rather than a CF-specific one (Fig. 4.4a). These results, 

possibly excepting the ST condition, align with prior reports of null go/no-go effects under 

comparable conditions (Magnuson et al., 2021).  

Like simple RT, choice RT slowed following all CF interventions versus control. 

However, the extent of this slowing varied by intervention, with the largest increase occurring 

after ST (Fig. 4.3c). Interestingly, post-ST slowing was accompanied by fewer choice errors, 

whereas DB and MM interventions led to slower responses and more errors (Fig. 4.4b). 

Consistent with previous evidence of altered response strategies in CF (Rozand et al., 2015; 

Salomone et al., 2021; Wiehler et al., 2022), these results suggest a strategy shift unique to ST, 

toward prioritization of accuracy over speed. This may reflect a compensatory reallocation of 

reduced cognitive resources to preserve task accuracy (Badarin et al., 2025; C. Wang et al., 

2016). Such an effect may be reinforced by the Stroop task’s high conflict-monitoring demands, 

which can upregulate proactive control (Kerns et al., 2004; Ridderinkhof et al., 2004). This 

upregulation may persist into subsequent tasks with overlapping executive processes and, in the 
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choice RT task, manifest as increased response thresholds. In turn, this could promote more 

cautious, accurate responding at the cost of speed (Mattes et al., 2022). 

Broadly, these findings suggest that while simple RT was consistently impaired across 

fatiguing interventions relative to control, choice RT (and to a lesser extent go/no-go RT) showed 

more task-specific patterns, particularly following ST. Although it is uncertain why task-specific 

effects were particular to ST (beyond the possible strategic shift described above), one 

explanation is the extent to which the fatigue-inducing and RT tasks draw on shared cognitive 

resources (Persson et al., 2007, 2013; Van Cutsem et al., 2022). This interpretation aligns with a 

resource-depletion framework, where performance declines when limited cognitive resources are 

recruited by simultaneous or subsequent tasks (Parasuraman, 2000; Wickens, 1991). The ST 

intervention – which emphasizes inhibitory control, conflict monitoring, and cognitive flexibility 

– may therefore have produced greater interference with subsequent tasks emphasizing similar 

requirements, such as go/no-go and (to a greater extent) choice RT. Neuroimaging evidence 

supports this, showing that go/no-go, choice, and ST tasks activate similar frontoparietal 

executive regions, including the dorsolateral prefrontal (Friehs et al., 2020; Isfahani et al., 2025) 

and anterior cingulate cortex (Braver et al., 2001; Heidlmayr et al., 2020).  

4.7.2 Subjective Ratings 

Subjective fatigue rose similarly across cognitive interventions compared to control (Fig. 4.2) but 

did not correlate with fatigue-related RT changes. This aligns with previous findings reporting 

poor or inconsistent associations between self-reported fatigue and objective performance 

(Matsui et al., 2024; Walker et al., 2012). Some evidence suggests fatigue sensations could 

precede performance declines, perhaps due to compensatory recruitment of facilitatory 

frontoparietal networks (Badarin et al., 2025; C. Wang et al., 2016). In other cases, the reverse 
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has been suggested, including fatigue “perceptual blindness” (i.e., performance decrements 

without self-reported fatigue) observed in mine workers (Purto et al., 2024).  

Notably, while all interventions increased subjective CF, only ST and DB reduced 

motivation relative to control, whereas MM did not. This suggests that demotivation is not 

inevitable in CF (Gergelyfi et al., 2015). While beyond the scope of this analysis, identifying 

which MM task attributes minimize demotivation could be valuable for research, workplace, or 

rehabilitation contexts where it may be important to sustain motivation despite elevated fatigue 

sensations. 

4.7.3 Practical Implications for Research and Human Factors 

The present findings suggest that simple RT may offer advantages as a behavioural index of CF: 

it is simple and quick to test and appears sensitive to generalized CF effects rather than task-

specific influences. Conversely, choice RT introduces interpretive complexity as a fatigue 

measure due to its sensitivity to the cognitive demands of the preceding, fatigue-inducing task. 

This suggests that choice RT may be more appropriate used when task-specific executive 

impacts, rather than general fatigue detection, are of interest. Notably, results also underscore the 

importance of assessing both objective and subjective CF, as they do not always align and may 

capture distinct components of the fatigue experience (Behrens et al., 2023). 

Moreover, this study indicates that selection of experimental CF-inducing interventions is 

nuanced. All cognitive interventions induced subjective fatigue, yet most other outcome 

measures varied. DB and ST reduced motivation relative to control, while MM produced 

generalized RT slowing and increased subjective fatigue without significant demotivation. 

Overall, this suggests that the MM intervention may present a balanced method for 

experimentally eliciting CF while maintaining engagement levels comparable to control. 
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Compared to DB and ST, MM may also better approximate CF in high-stake operational 

contexts where motivation is preserved despite accumulating cognitive load (Kim & Beehr, 

2018; Whelehan et al., 2021). It is also notable that adaptive difficulty adjustments appeared to 

enhance CF effects on RT relative to earlier non-adaptive implementations of the MM task 

(~22.3 ms, compared to <10 ms; Peters et al., 2024). This is consistent with evidence that 

individualized, dynamic task difficulty may more effectively induce experimental CF (O’Keeffe 

et al., 2020; Staiano et al., 2024).  

Practically, these findings are likely most applicable to brief, intermittent fatigue 

assessments rather than continuous monitoring, which may be impractical or disruptive in safety-

critical environments (Brossoit et al., 2023; Ferris et al., 2021). Short RT-based tools (~1.5-5 

minutes, e.g., AlertMeter®) are already implemented in applied settings, typically administered 

pre/post-duty or during breaks, often using smartphone or smartwatch devices (Ferguson et al., 

2020; Ferris et al., 2021; Rogers et al., 2023; Sherry & Owen, 2022; Talebi et al., 2026; Weetman 

et al., 2024). Within this framework, the current findings support simple RT as a feasible, low-

burden indicator of CF. However, they also indicate that more complex RT assessment 

paradigms, while potentially sensitive to task-specific effects, should be validated carefully 

within the intended operational context. Where feasible, subjective fatigue measures should be 

included alongside RT to ensure comprehensive CF evaluation. Finally, these results may also 

inform the development of non-RT based CF indicators, such as predictive models and 

physiological indices, where RT is a common metric used to validate their success (Guo et al., 

2016; Naeeri et al., 2021; H. Wang et al., 2018).  
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4.7.4 Limitations 

This study was conducted virtually and was unsupervised, increasing accessibility and sample 

size, but reducing experimental control. Participant compliance to instructions could not be 

technically enforced or verified beyond data screening procedures, and environmental factors 

(e.g., lighting, ambient noise, device-related variability) were not standardized. In line with this, 

RT variability was high across participants (Fig. 4.3). Several steps were taken to maximize 

quality control, including clear in-task instructions, time-stamping and data screening, as well as 

the use of mixed-effect models with by-participant random intercepts (which improve robustness 

over traditional ANOVA approaches for unbalanced or noisy data; Yu et al., 2022). However, 

some uncontrolled variance related to these factors presumably remained. 

Further, CF interventions differed by trial structure and stimulus pacing, making it 

difficult to attribute differences in subjective or behavioural outcomes solely on differing 

cognitive processes. Also, the control intervention did not fully prevent mild fatigue (Fig. 4.2), 

consistent with prior studies reporting small increases in subjective fatigue under similar 

conditions (e.g., Daneshgar-Pironneau et al., 2025; Jacquet et al., 2024). Therefore, while the NF 

intervention appeared to be an adequate control (as significant effects relative to control were 

detectable), it may not have been optimal. Developing more effective control paradigms with 

lower cognitive load remains an open challenge in CF research. 

Finally, the sample comprised only healthy young adults. RT has been shown to be 

slower and more variable in children and older adults (Deary & Der, 2005; Dykiert et al., 2012), 

and behavioural, subjective, and neural responses to CF may vary with age and clinical status 

(Aoun Sebaiti et al., 2022; Hu et al., 2025; Samuel et al., 2019). As such, exploring similar 

questions in more diverse populations is needed to ensure inclusive CF assessment.  
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4.8 Conclusion 

This study demonstrates that CF is multifaceted, impacting both subjective experience and 

psychomotor performance, often in complex ways. RT was generally slowed in CF – a notable 

risk factor in contexts where the potential for CF and the risks of slowed responses are high. 

While basic psychomotor processes captured by simple RT are widely vulnerable to fatigue, 

more specific CF effects emerge when additional processing demands (e.g., response selection, 

cognitive flexibility) are introduced and overlap with the preceding fatiguing effort. Thus, both 

the type of CF-inducing work and the nature of performance measures can critically impact the 

observed fatigue profile. For human factors applications, results support a multidimensional CF 

assessment approach, using simple RT when the goal is rapid assessment of overall performance 

decline, but more complex RT metrics (e.g., choice RT) when the objective is to understand task-

specific interactions with specific executive demands. These findings clarify how CF impacts 

psychomotor processing in both general and task-specific ways, informing approaches to assess 

CF and mitigate its impact on human performance and safety.  
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Chapter 5. Experiment 4 - Corticospinal Excitability During Movement Preparation: 

Effects of Cognitive Fatigue 

 

5.1 Abstract 

Cognitive fatigue (CF) is associated with road and workplace hazards, potentially due to 

disruptions in motor system performance and processing efficiency. While the mechanism 

driving these motor impacts is uncertain, one possibility is that CF could alter corticospinal 

excitability during movement preparation. To assess this possibility, we used single pulse 

transcranial magnetic stimulation to measure corticospinal excitability before and after 

participants completed a 60-minute CF intervention (Math-Memory task) and a control 

intervention (CTL; documentary film viewing) on separate days. Corticospinal excitability was 

indexed via motor evoked potential amplitude of the right first dorsal interosseous both at rest 

and at three timepoints (500, 150, and 0 ms before the go-signal) during the foreperiod of a 

simple RT task requiring a right index finger button-press. Subjective fatigue, motivation, resting 

motor threshold, and premotor and displacement RT were also assessed pre- and post-

intervention. Participants (n = 32, 16F) reported significant increases in subjective fatigue 

following CF relative to CTL (p = .001). RT showed non-significant increases in CF but was 

primarily impacted by the timing of TMS delivery. Notably, corticospinal excitability declined 

over CTL while remaining consistent over CF, leading to a relative elevation of post-intervention 

excitability in CF across foreperiod timepoints (p < .001). Resting MEP amplitude was similarly 

affected, such that it increased more over CF compared to CTL (p < .001). No significant 

changes in resting motor threshold occurred. Overall, these results are consistent with a broad 

compensatory elevation in corticospinal excitability in response to CF, perhaps to preserve motor 

system processing efficiency despite CF-related strain.  
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5.2 Introduction 

Fatigue, broadly defined as a suboptimal psychophysiological state reflected by feelings of 

tiredness, is a prevalent phenomenon that imposes a high economic burden at both the societal 

and individual level (Kunasegaran et al., 2023; Mirin et al., 2022; Phillips, 2015; Ricci et al., 

2007; Rodriguez Llorian et al., 2022). In a global systematic review, more than 20% of adults 

reported significant general fatigue (Yoon et al., 2023). However, fatigue is not considered a 

unitary construct; instead, multiple dimensions have been identified that differ in their source and 

their performance consequences (Behrens et al., 2023; Phillips, 2015). Fatigue arising from 

sustained and/or challenging mental effort, characterized by feelings of exhaustion and a desire 

to disengage from mental work, is commonly referred to as cognitive (or mental) fatigue 

(Behrens et al., 2023; Salihu et al., 2022). This form of fatigue is one that most individuals have 

experienced, although it can be particularly prevalent and consequential in certain populations. 

For instance, individuals in some high-demand or high-pressure occupations have reported 

elevated cognitive fatigue (Mahdavi et al., 2024; Yoon et al., 2023), such as surgeons (Bourne et 

al., 2013; Janhofer et al., 2019), students (Kotnik et al., 2024; Sievertsen et al., 2016), athletes 

(Russell et al., 2019; Weiler et al., 2025), and construction (Xing et al., 2020; Zong et al., 2024) 

and transportation workers (Jaydarifard et al., 2024; Meng et al., 2015; Reis & Canhão, 2013). 

Notably, cognitive fatigue has been linked not only to reduced productivity (Chen et al., 2022; 

Macfarlane et al., 2024; Mahdavi et al., 2024), but also to an increased risk of workplace 

accidents, errors, and injuries (Chan et al., 2009; Costedoat et al., 2023; Jia et al., 2022; J. Li et 

al., 2019; Schampheleer & Roelands, 2024; Swaen et al., 2003; Zhang et al., 2023). It is also a 

common and often debilitating symptom of several medical disorders, including multiple 

sclerosis (Gullo et al., 2019; Islam et al., 2026; Ruban et al., 2021), traumatic brain injury 
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(Johansson & Rönnbäck, 2017; Palm et al., 2017), Parkinson’s disease (Lou, 2009), long-

COVID (Bao et al., 2025; Nielsen et al., 2022), and myalgic encephalomyelitis/chronic fatigue 

syndrome (Azcue et al., 2026; Park et al., 2024), where it can significantly reduce quality of life.  

Given its prevalence and significant impact across occupational and clinical contexts, an 

important question is how cognitive fatigue alters fundamental neural processes that support 

efficient goal-directed motor behaviour. Many everyday activities, particularly in safety-critical 

environments, depend on the rapid detection of sensory information, preparation of an 

appropriate motor response, and execution of that response (Donders, 1969; Lindemann & 

Fischer, 2023; Taylor, 1976). In line with this, previous research has indicated that the overall 

speed of these processes (indexed experimentally via reaction time) may be slowed under 

conditions of reported cognitive fatigue (Habay et al., 2021; Langner et al., 2010; Peters et al., 

2022, 2024). This effect has been suggested to contribute to delayed responses to road and 

workplace hazards (Guo et al., 2018; J. Li et al., 2019; Zeuwts et al., 2021) and have negative 

impacts to safety and performance in sport and military settings (Barbosa et al., 2025; Habay et 

al., 2021; Lieberman et al., 2009; Vrijkotte et al., 2016). However, the neural mechanism by 

which cognitive fatigue influences the efficiency of these motor system processes remains poorly 

understood.  

One possibility is that cognitive fatigue disrupts neural processing related to movement 

preparation. Supporting this view, cognitive fatigue has been associated with weakened 

functional connectivity between sensory and motor planning regions, including the premotor 

cortex and supplementary motor area (Leitner et al., 2024; Yan et al., 2024), as well as reductions 

in response-locked lateralized readiness potential, reflecting diminished late-stage motor 

preparation (Kato et al., 2009). Over a prolonged task switching paradigm, cognitive fatigue led 
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to less efficient use of preparatory intervals, increased error rates, and reduced frontal negativity 

associated with planning upcoming actions (Lorist et al., 2000). Similar effects have been 

observed with extended motor imagery practice, which resulted in less distinct preparatory 

representations for imagined left- versus right-handed movements alongside reduced functional 

connectivity within motor-related networks (T. Li et al., 2024).  

Together, these findings suggest that cognitive fatigue could alter neural activity during 

movement preparation. If so, such changes should be detectable during the preparatory delay 

period of a simple reaction time (RT) task, i.e., during the interval between a warning signal and 

the imperative (go) signal, when the known required response is thought to be actively prepared 

(Donders, 1969; Lindemann & Fischer, 2023; Taylor, 1976). This possibility has previously been 

examined using the StartReact effect (Peters et al., 2022), which assesses the extent to which a 

startling acoustic stimulus triggers a pre-planned movement during the preparatory phase of a 

simple RT task (Carlsen et al., 2004; Valls‐Solé et al., 1999). In this paradigm, earlier and/or 

more frequent triggering is generally considered as evidence of heightened motor preparation 

(Carlsen et al., 2011). Contrary to expectations, although a Math-Memory intervention increased 

RT and subjective fatigue relative to a documentary film-viewing control condition, the 

StartReact effect was unchanged. A potential explanation is that StartReact responses may be 

mediated in large part by subcortical circuits involving the reticulospinal tract (Carlsen & 

Maslovat, 2019, 2026; Tapia et al., 2022). If cognitive fatigue instead primarily affects 

corticospinal mechanisms involved in motor preparation, then the StartReact effect may have 

been relatively insensitive to fatigue-related preparatory changes.  

An alternative way to probe the preparatory state of the corticospinal system during this 

window is by assessing corticospinal excitability, or the ease with which the corticospinal 
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pathway can be activated to transmit descending motor signals from the motor cortex to spinal 

motoneurons and ultimately the muscle (Bestmann & Duque, 2016; Bestmann & Krakauer, 

2015). Single-pulse transcranial magnetic stimulation (TMS) applied over the motor cortex can 

provide a snapshot of corticospinal excitability at the moment of stimulation, by measuring the 

amplitude of an evoked response (motor-evoked potential, MEP) in a target muscle with 

electromyography (Hallett, 2007). Single-pulse TMS has been used previously to characterize 

the time course of corticospinal excitability during the preparatory delay period of a simple RT 

task, showing a stereotyped pattern of corticospinal excitability changes in the non-fatigued state 

(Kennefick et al., 2014). Namely, corticospinal excitability is broadly elevated relative to 

resting/baseline measurements, showing a gradual and then sustained increase after the warning 

signal, followed by a period of suppression often referred to as “preparatory inhibition” as the 

go-signal approaches (i.e., beginning at approximately 150ms prior to the go-signal; Greenhouse 

et al., 2015; Ibáñez et al., 2020). When the go-signal is then presented, a rapid increase in 

corticospinal excitability is observed just prior to movement initiation (Greenhouse et al., 2015; 

Ibáñez et al., 2020; Kennefick et al., 2014).  

Alterations in the balance of facilitatory and/or inhibitory network processes due to 

cognitive fatigue could potentially disrupt this normal preparatory pattern of corticospinal 

excitability (Ishii et al., 2014; Morris & Christie, 2020; Schumann et al., 2025). For instance, 

disruptions may appear as a reduced elevation of corticospinal excitability relative to baseline 

(resting-state). According to a neural accumulator perspective, this reduction could in turn 

prolong the time required for excitability to reach a threshold level necessary for movement 

initiation (Carlsen et al., 2012; Hanes & Schall, 1996). Cognitive fatigue-related changes in 

preparatory inhibition may also be present and could contribute to RT increases. Stronger 
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suppression of corticospinal excitability near the time of the go-signal has been associated with 

faster RT (De Doncker et al., 2021; Vassiliadis et al., 2020), potentially by stabilizing the motor 

system or raising the signal-to-noise ratio to support efficient preparatory processing prior to 

movement initiation (Greenhouse et al., 2015; Ibáñez et al., 2020). Cognitive fatigue could 

interfere with these processes, leading to reduced or prolonged preparatory inhibition, potentially 

observable as changes in the magnitude or timing of MEP suppression late in the preparatory 

delay period.  

To date, only a small number of studies have used TMS to examine the effect of cognitive 

fatigue on the corticospinal system. However, these studies have typically assessed MEP 

amplitude only at rest, rather than during active preparation (i.e., during the preparatory delay 

phase of an RT task) and have yielded inconsistent results. While some have reported reductions 

in corticospinal excitability with increasing subjective ratings of cognitive fatigue (Bailey et al., 

2021; Nakashima et al., 2021), others observed no such changes (Holgado et al., 2023; Kowalski 

et al., 2022; Rozand et al., 2015). Thus, it is still uncertain whether cognitive fatigue alters not 

only resting corticospinal excitability, but also the time-course of corticospinal excitability 

during the preparatory delay period of a simple RT task, where preparatory mechanisms are 

directly engaged.  

Accordingly, the present study used single-pulse TMS to assess corticospinal excitability 

both at rest and at three different timepoints (500, 150, and 0 ms before the go-signal) during the 

preparatory delay period of a simple RT task. Resting motor threshold, MEP amplitude at rest 

and during preparation, displacement and premotor RT, and subjective ratings of fatigue and 

motivation were obtained before and after participants completed either a control task (watching 

a documentary film) or a Math-Memory task previously shown to induce subjective cognitive 
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fatigue and RT slowing (Peters et al., 2022, 2024). We predicted that if cognitive fatigue alters 

corticospinal contributions to motor preparation, then cognitive task completion would be 

associated with measurable changes in the pattern of preparatory corticospinal excitability (for 

instance, a flatter early rise in excitability and/or delayed or reduced preparatory inhibition) 

relative to the control condition. In testing this prediction, this study aims to clarify a possible 

neural mechanism underlying psychomotor impairments in cognitive fatigue.   

5.3 Materials and Methods 

5.3.1 Participants 

An a priori power analysis was conducted using the effect size reported by Chiu et al. (2014) for 

differences in MEP amplitude between task conditions (partial η² = 0.31) as an estimate of the 

expected effect magnitude. This analysis indicated that twenty-four participants were required to 

meet a power of 0.95 (G*Power; Faul et al., 2007). Thirty-two healthy volunteers participated in 

the study; 16 who self-identified as assigned female at birth (mean age = 21.5 ±4.3 years) and 16 

who self-identified as assigned male at birth (mean age = 21.6 ±3.8 years). Participants reported 

no motor control disorders, chronic fatigue, or uncorrected visual deficits. All participants 

completed a TMS safety screening form prior to participation, in line with that proposed by 

Rossi and colleagues (2009), confirming that they had no contraindications to stimulation.  

Each volunteer participated in two testing sessions (cognitive fatigue and control) of 

approximately 2 hours each, completed on separate days between 8:30 am and 4:30 pm. Testing 

session order was randomised and counterbalanced. All participants provided written informed 

consent prior to taking part in each session of the study. All aspects of the study were approved 

by University of Ottawa’s Research Ethics Board (REB approval: H-11-24-10794) and adhered 

to the guidelines of the Declaration of Helsinki. 
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5.3.2 Experiment Overview  

A summary of the experimental timeline is depicted in Fig. 5.1. Following provision of informed 

consent and confirmation of eligibility, subjective fatigue and motivation were assessed using 

computerized visual analog scales. The optimal location for TMS was then determined, followed 

by measurement of pre-intervention resting motor threshold and resting MEP amplitude. 

Participants next performed a simple RT task, during which premotor RT was recorded. 

Preparatory MEP amplitude was also measured in this task, within the RT task delay period at 

500, 150, and 0 ms prior to the go-signal. Following these pre-intervention measurements, 

participants completed either a control intervention (CTL), wherein they watched a ~60-minute 

documentary film, or a cognitively fatiguing intervention (CF), wherein they completed a ~60-

minute sustained Math-Memory dual task (Peters et al., 2022, 2024). Post-intervention measures 

of subjective fatigue, motivation, premotor reaction time, preparatory MEP amplitude, resting 

MEP amplitude, and resting motor threshold were then obtained to complete each study session.  

5.3.3 Participant Set-Up  

Participants were seated in a padded, height-adjustable chair approximately 1m in front of a 24-

inch computer monitor for the duration of each experimental session. A lap desk with a computer 

mouse and keyboard were used to complete subjective fatigue and motivation scales and the 

interactive cognitive intervention. For the reaction time task, participants rested their right arm 

comfortably on an armrest in a pronated position, with the palm of the hand facing downwards, 

the shoulder abducted at approximately 30 degrees, and the elbow flexed at approximately 90 

degrees. The index finger rested on a telegraph key button (Ameco AM-K4B) that provided a 

voltage of 0 V when the switch was open and 5 V when the switch was closed. A bipolar pre-

amplified surface electromyography (EMG) electrode (Delsys DE-2.1) was applied superficially 
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above the muscle belly of the right first dorsal interosseous (FDI) muscle to record premotor 

reaction time and the amplitude of motor-evoked potentials (MEPs). Adhesive strips were used 

to fasten the EMG electrode parallel to the orientation of muscle fibers following cleansing of 

electrode sites with alcohol. A carbon-pad grounding electrode (2-inch square, Easy@home) was 

applied to the medial epicondyle of the right elbow. The EMG electrode was connected via 

shielded cabling to an external amplifier system (Delsys Bagnoli), and EMG data were band-

passed (20-450 Hz) and digitally sampled at 4 kHz (National Instruments PCIe-6321). To guide 

TMS delivery, a fiducial marker used by TMS optical tracking-based neuronavigation software 

was placed at the centre of the participant’s forehead, and a digitized pointer was used to register 

the shape and location of the participant’s skull in relation to the stimulation coil (ANT Neuro 

Visor 2, Madison, WI).  

5.3.4 Subjective Fatigue Assessment  

Participants used the computer mouse to move digital sliders along horizontal linear visual 

analog scales (length = 20 cm) to provide a rating of cognitive fatigue level (0 = not at all 

mentally fatigued, 10 = extremely mentally fatigued) and motivation/indifference level (0 = 

motivated to succeed in the task, 10 = indifferent about the task; Michielsen et al., 2003). 

5.3.5 Simple Reaction Time (RT) Task  

Each simple RT task trial began with an empty black square (7 cm x 7 cm) appearing at the 

centre of the computer screen. After 1-second pause, a fixation cross (1 cm) appeared at the 

centre of the square. After 1 second, the fixation cross disappeared (acting as the “warning 

signal”), followed by a 1-second fixed foreperiod. The visual go-signal then appeared, consisting 

of the square illuminating green. Participants were instructed to press the telegraph key with their 

index finger as quickly as possible following this go-signal, ignoring any sounds or sensations 
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related to TMS delivery. Performance feedback (time to telegraph key press, anticipation error) 

was displayed on the screen for 2 seconds during each intertrial interval. In addition to RT task 

trials, catch trials, which included a warning signal and TMS but no go-signal, were delivered 

randomly to encourage participants to only make purposeful responses. In the pre-intervention 

phase, participants performed 10 RT practice trials without any TMS to familiarize themselves 

with the RT task. Then, in both the pre- and post-intervention phases, participants performed 2 

blocks of RT testing, each with 18 RT trials and 1 catch trial. EMG data were collected over a 3-

second period during each RT task trial, starting 1 second prior to the warning signal. 

5.3.6 Transcranial Magnetic Stimulation  

TMS was applied using a Magstim 2002 stimulator with a figure-eight coil (D70 mm; Magstim 

Company Ltd, UK), over the left primary motor cortex to generate MEPs in the target muscle 

(right FDI). Before testing, the approximate target location was determined by first measuring 

the mid-point between the naison and inion, and the left and right preauricular notches. From this 

point, a mark was made 5 cm laterally and 1 cm anteriorly using a red grease crayon. With the 

coil handle pointed backwards at approximately a 45-degree angle, test pulses were then 

delivered nearby this mark to determine the optimal location for stimulation, i.e., where MEPs 

with consistently large amplitude could be obtained. When the optimal location was determined, 

it was marked with a blue grease crayon, and the location was saved via the neuronavigation 

system (visor2TM, ANT neuro).    

Using the neuronavigation system as a positional guide, additional TMS pulses were 

delivered to determine resting motor threshold (RMT), defined as the stimulation intensity 

needed to elicit a peak-to-peak (FDI) MEP amplitude of ≥ 50 μV in approximately five out of ten 

pulses to the nearest 1% of simulator output intensity (Rossini et al., 2015). RMT was assessed 
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before and after each intervention (Fig. 5.1). TMS intensity was set to 120% of pre-test RMT 

during all subsequent MEP measurement within the same session (except for post-test RMT 

assessment; Cuypers et al., 2014; Demjan et al., 2023).  

Resting MEP amplitude was measured at the FDI 10 times as participants sat quietly, 

with pulses triggered by the researcher. While participants performed the RT task, preparatory 

MEP amplitude was measured once per trial during the preparatory delay period (foreperiod), 

excluding practice trials, with TMS triggered automatically at -500, -150, or 0 ms relative to the 

go-signal (or at 1000 ms following the warning signal on catch trials). Triggering was precisely 

timed using custom software (NI LabVIEW). Catch trials were delivered once per RT task block 

to prevent anticipation of the go-signal and were not analysed for MEP amplitude. All other TMS 

delivery timepoints (-500, -150, -0 ms relative to go) were each tested six times per RT task 

block, resulting in 12 pre-intervention and 12 post-intervention measures of MEP amplitude at 

each TMS timepoint per participant.  

5.3.7 Cognitive Fatigue (CF) and Control (CTL) Interventions  

For the control intervention (CTL), participants viewed a documentary film (“Animal 

Language”; Baus & Farmer, 2005) for approximately 60 minutes between the pre- and post-

intervention phases. For the cognitive fatigue intervention (CF), participants completed a Math-

Memory dual task combining working memory retention and math-based interference (Peters et 

al., 2022, 2024). Each trial of the Math-Memory task began with seven letters appearing briefly 

and consecutively in a pre-generated sequence at the centre of the computer monitor. Participants 

were instructed to remember these letters in the order presented without verbal rehearsal. This 

was followed by a 45-second math segment, where participants were required to select the 

mathematical operator to correctly complete a presented equation (e.g., 4 ? 2 = 6, answer = +) 
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using marked keyboard keys (+, -, ÷, x). Participants were encouraged to correctly complete as 

many math problems as possible within the trial interval and were provided ongoing feedback of 

response accuracy (correct/incorrect indicated by a green check mark or red X). Next, 

participants were asked to recall the last-displayed letter sequence, inputting the letters into blank 

boxes, again using the keyboard. Feedback indicating the accuracy of the letter inputs was 

provided at the end of the trial interval by the box frames turning green if the inputted letter was 

correct, or red if incorrect.  

Math-Memory task difficulty was adaptive, such that difficulty was individually adjusted 

throughout to maintain a response accuracy of approximately 85%, consistent with evidence that 

individualizing cognitive task difficulty may enhance mental fatigue induction (O’Keeffe et al., 

2020; Staiano et al., 2024). Task difficulty was adapted based on performance by adjusting 

stimulus display times and the time available to respond. Responses were considered errors if 

they were incorrect or if the response was not made during the response interval (the length of 

which was adapted throughout). The display/response time for math problems began at 3000 ms 

and for letter input boxes at 800 ms for the first four trials of the task. Accuracy was then 

averaged across both task segments after every 4 subsequent trials (~4 minutes). If performance 

fell below 85%, task difficulty was decreased by increasing the display/response time within the 

math and memory segments of the task by 10%. Conversely, if accuracy rose above 85%, task 

difficulty was increased by reducing the display/response time by 10%. 
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Fig. 5.1 Experimental timeline. Each testing session proceeded in the following order: pre-

intervention phase, 60-minute cognitively fatiguing (CF) or control (CTL) intervention, post-

intervention phase. Pre- and post-intervention phases included the following assessments, in the 

order visually depicted: visual analog scale (VAS) measures of subjective cognitive fatigue and 

motivation; resting motor threshold (RMT) measurement; resting motor evoked potential (MEP) 

measurement (10 trials); and preparatory MEP measured at three TMS timepoints (500, 150, and 

0 ms prior to the go-signal) within the simple RT task (12 trials each + 2 catch; premotor RT of 

button press measured at right first dorsal interosseus). Ten simple RT practice trials (without 

TMS) preceded the pre-intervention assessment of preparatory MEP amplitude (not depicted). 

5.4 Data Reduction 

Displacement onset of the key-press response was defined as the time at which the key moved 

from the open to the closed position and voltage changed from 0 to 5 V. To quantify premotor 

RT, EMG burst onsets were identified as the point at which the rectified, filtered EMG activity 

increased above baseline (i.e., more than 2 standard deviations above mean EMG activity 

preceding the go-signal). EMG burst onsets were then verified by visually locating and manually 

adjusting the onset mark to the point at which the activity first increased on the raw EMG trace 
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(Hodges & Bui, 1996). EMG offsets were marked in a similar fashion (i.e., when EMG activity 

dropped below 20% of peak), with the activity between EMG onset and EMG offset being 

defined as a distinct burst. MEP amplitude was measured as the largest peak-to-peak amplitude 

(mV) recorded in a 30 ms window beginning 15 ms after presentation of each TMS pulse. MEPs 

were automatically identified by the computer program and visually verified by the researcher.  

Resting MEP, preparatory MEP, and RT data sets were processed separately for data 

reduction and subsequent analyses. For MEP data sets, trials were excluded if MEPs were 

indistinguishable from movement-related EMG bursts or contaminated by TMS artifacts (resting 

MEP: 48 trials; preparatory MEP: 294 trials). Additional exclusions were applied to the 

preparatory MEP data set for trials with excessive background EMG activity (defined as RMS 

activity > 3x baseline in the 100 ms preceding TMS onset, 65 trials), movement-related EMG 

activity occurring prior to the recorded MEP (1 trial), or absence of a movement response (2 non-

catch trials). For RT data, trials were removed if no button press and/or EMG response was 

detected on non-catch trials (30 trials), if responses were anticipatory (RT <50 ms; 321 trials), or 

if response errors occurred (e.g., double taps of the telegraph key; 2 trials).  

Outliers were identified and removed from resting MEP, preparatory MEP, and RT data 

sets as values exceeding ±2 standard deviations of their respective means (resting MEP: 47 trials; 

preparatory MEP: 194 trials; premotor RT: 195 trials, displacement RT: 197 trials). In total, data 

reduction resulted in exclusion of 95 trials from the resting MEP data set (7.4%), 556 trials from 

the preparatory MEP data set (12.0%), 548 trials from the premotor RT data set (11.9%), and 550 

trials from the displacement RT data set (11.9%). Practice trials were not analysed.  



159 

 

5.5 Statistical Analysis  

Data analysis was performed with R statistical software (version 4.5.3; R Core Team, 2026). 

Mixed-effect model analyses were used to assess the effects of intervention condition (CF, CTL), 

pre/post phase, and TMS timepoint (go-500ms, go-150ms, go-0ms) on each dependent variable 

(RMT, resting MEP amplitude, preparatory MEP amplitude, premotor RT, displacement RT, and 

subjective fatigue and motivation). The proportion of responses incorrectly made on catch trials 

was also assessed.  

For each dependent variable, distributions were first inspected to guide selection of 

mixed-effect model family. Subjective ratings were analysed using a generalized linear mixed-

effect model fitted with a Tweedie distribution (glmmTMB package), which was chosen to 

accommodate continuous right-skewed data with several true zero values (Brooks et al., 2017). 

Catch trials were analysed with a binomial generalized linear mixed-effect model (lme4 package) 

as the outcome variable was binary (i.e., response or no response; Bates et al., 2015). The 

remaining variables (RMT, RT, and resting and preparatory MEP amplitude) were fit to Gaussian 

mixed-effect models (Bates et al., 2015). Log transformations were applied where required to 

meet model assumptions. Models were refit using the BOBYQA optimizer in cases of 

convergence difficulty (Powell, 2009). For all models, the maximal random-effects structure 

justified by the design was initially specified. Models exhibiting singular fits or convergence 

failures despite optimizer use were simplified. Random-effects variance–covariance structures 

were assessed, and models showing evidence of overparameterization (e.g., highly correlated 

random effects or principal components explaining negligible variance) were simplified 

iteratively to achieve a parsimonious final model (Bates et al., 2018; Matuschek et al., 2017).  
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The significance of fixed-effects was assessed using Type II Wald χ² tests (Anova() 

function from the car package) for generalized linear mixed-effect models (Brooks et al., 2017; 

Fox & Weisberg, 2019), and with Type III F-tests with Satterthwaite’s approximation for 

denominator degrees of freedom (anova() function from the lmerTest package) for linear mixed-

effect models (Bates et al., 2015; Kuznetsova et al., 2017). Estimated marginal means (EMMs) 

were computed using the emmeans package (Lenth et al., 2021). In cases where fixed effects 

were log transformed, EMMs were back-transformed to the response scale and the reference grid 

was re-expressed on that scale using the regrid() function (Lenth et al., 2021). Pairwise contrasts 

for significant fixed effects and/or interactions were then calculated on the response scale. 

Standard errors and confidence intervals for post hoc contrasts were obtained using the delta 

method; p-values were Holm-Bonferroni corrected. 

5.6 Results 

5.6.1 Subjective Ratings 

Subjective ratings of cognitive fatigue (0 = not at all mentally fatigued, 10 = extremely mentally 

fatigued) were significantly impacted by pre/post phase (χ²(1) = 35.75, p < .001), intervention 

condition (χ²(1) = 7.07, p = .008), and their interaction (χ²(1) = 10.37, p = .001). Post hoc 

contrasts showed that subjective fatigue did not differ between the interventions at baseline 

(CTL-CF = +0.35 points, SE = 0.39, p = .374) but was significantly higher post-CF intervention 

(CTL-CF = -2.70 points, SE = 0.71, p < .001). In accordance, a significant increase in subjective 

cognitive fatigue was observed from pre- to post-intervention in the CF condition (∆ = +3.90 

points, SE = 0.70 points, p < .001) but not in the CTL condition (∆ = +0.85 points, SE = 0.47 

points, p = .074). Further, the magnitude of pre- to post-intervention change was significantly 
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greater in the CF condition compared to CTL (∆CTL-∆CF = -3.05 points, SE = 0.82 points, p < 

.001; Fig. 5.2a and 5.2b).  

In contrast, subjective ratings of motivation/indifference (0 = motivated to succeed in the 

task, 10 = indifferent about the task) only showed significant effects of pre/post phase (χ²(1) = 

4.64, p = .031), such that participants became slightly less motivated and more indifferent from 

pre- to post-intervention regardless of the intervention condition (∆ = +0.31 points overall, SE = 

0.15 points, p = .044; Fig. 5.2c and 5.2d). The main effect of intervention condition (CF, CTL) 

and the interaction of pre/post phase x intervention condition did not significantly influence 

subjective ratings of motivation/indifference (p > .400).  
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Fig. 5.2 Subjective ratings. (a) Subjective cognitive fatigue rating (0 = not at all mentally 

fatigued, 10 = extremely mentally fatigued) as a function of intervention condition (CTL, CF) 

and pre/post phase (pre-intervention, post-intervention). (b) Change in subjective cognitive 

fatigue rating (post – pre) by intervention condition. (c) Subjective indifference/motivation rating 

(0 = motivated to succeed in the task, 10 = indifferent about the task) as a function of 

intervention condition and pre/post phase. (d) Change in subjective indifference/motivation 

rating (post – pre) by intervention condition. Throughout, violin plots show the distribution of 

individual values, with points representing individual participants. Black boxes indicate model-
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predicted means ± SE. The dotted horizontal line in (b) and (d) indicates no change, such that 

values below the line indicate a rating decrease from pre- to post-intervention while values above 

indicate an increase.  Asterisks indicate significant differences where p < .050. CF = cognitive 

fatigue intervention, CTL = control intervention. 

5.6.2 Premotor Simple Reaction Time  

Premotor RT varied significantly across TMS timepoints (F(2,3924) = 327.91, p < .001), and 

there was also a significant interaction between pre/post phase and TMS timepoint (F(2,3925) = 

3.38, p = .034). Within both the pre- and post-intervention phases, premotor RT increased 

systematically as TMS delivery approached the go-signal (Fig. 5.3a). Responses were faster 

when TMS was delivered at go-500ms compared with go-150ms (∆ = -9.51 ms, SE = 1.44 ms, p 

< .001), at go-150ms compared to go-0ms (∆ = -25.27 ms, SE = 1.40 ms, p < .001), and at go-

500ms compared to go-0ms (∆ = -34.78 ms, SE = 1.42 ms, p < .001). Notably, this RT 

facilitation by early TMS delivery became more pronounced post-intervention, particularly for 

the go-150ms vs go-0ms comparison (∆post-∆pre = +∆7.20 ms, SE = 2.80 ms, p = .030). The go-

500ms vs go-0ms comparison followed a similar trend but did not reach significance (∆post-∆pre 

= +∆2.58 ms, SE = 2.83 ms, p = .363). 

No other significant main effects or interactions were observed (all p > .170). However, 

the above results indicate the timing of the TMS pulse affected premotor RT and likely acted as a 

temporal pre-cue that facilitated subsequent responses to the go-signal. In order to isolate 

potential CF-related effects from TMS-related temporal cueing, a follow-up analysis was 

performed on only the go-0ms TMS timepoint, as this condition would have provided minimal 

advance cueing. Within go-0ms trials, premotor RT became faster pre- to post-CTL (∆ = -2.09 

ms, SE = 4.72 ms, p = .661) and slower pre- to post-CF (∆ = +2.62 ms, SE = 5.28 ms, p = .623), 
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yet neither these differences nor the overall interaction of pre/post phase x intervention condition 

(F(1,31) = 0.533, p = .471) was statistically significant (Fig. 5.3b). 

 

Fig. 5.3 Premotor simple reaction time (ms). (a) Premotor reaction time as a function of 

intervention condition (CTL, CF), TMS timepoint (go-500ms, go-150ms, go-0ms) and pre/post 

phase (pre-intervention, post-intervention). Violin plots show the distribution of individual mean 

values, with points representing individual participants. Black boxes indicate model-predicted 

means ± SE. (b) Change in premotor reaction time (post – pre) at the go-0ms TMS timepoint by 

intervention condition. The dotted horizontal line indicates no change, such that values below the 

line indicate a decrease in premotor reaction time from pre- to post-intervention while values 

above indicate an increase. Violin plots show the distribution of individual change scores, with 

points representing individual participants. Black boxes indicate model-predicted mean change ± 

SE. CF = cognitive fatigue intervention, CTL = control intervention. 
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5.6.3 Displacement Reaction Time  

Displacement RT varied significantly by TMS timepoint (F(2,3927) = 189.08, p < .001), and by 

the interaction of pre/post phase x TMS timepoint (F(2,3929) = 5.78, p = .003). Similar to 

premotor RT, displacement RT increased systematically as TMS delivery approached the go-

signal (Fig. 5.4a). Specifically, displacement RT was faster when TMS was delivered at go-

500ms vs go-150ms (∆ = -9.22 ms, SE = 1.59 ms, p < .001), at go-150ms vs go-0ms (∆ = -20.34 

ms, SE = 1.55 ms, p < .001), and at go-500ms compared to go-0ms (∆ = -29.56 ms, SE = 1.57 

ms, p < .001). A greater degree of RT facilitation due to early TMS delivery was observed post-

intervention, particularly for the go-150ms vs the go-0ms comparison (post-pre = +∆10.12 ms, 

SE = 3.10 ms, p = .003) and for the go-500ms vs go-0ms comparison (post-pre = +∆7.45 ms, SE 

= 3.13, p = .035).  

No other significant main effects or interactions were observed (all p > .140). However, 

as with premotor RT, these results suggest that the TMS pulse may have acted as a temporal pre-

cue for the upcoming go-signal, and as such a follow-up analysis was performed focusing only 

on the go-0ms TMS delivery timepoint. The interaction of pre/post phase x intervention 

condition was not significant in this analysis (F(1,1352) = 1.63, p = .202). However, exploratory 

post hoc contrasts showed an increase in displacement RT from pre- to post-CF that neared 

significance (∆ = +9.66 ms, SE = 4.86 ms, p = .051), and a smaller non-significant increase from 

pre- to post-CTL (∆ = +2.85 ms, SE = 4.79 ms, p = .554; Fig. 5.4b).  



166 

 

 

Fig. 5.4 Displacement simple reaction time (ms). (a) Displacement reaction time as a function of 

intervention condition (CTL, CF), TMS timepoint (go-500ms, go-150ms, go-0ms) and pre/post 

phase (pre-intervention, post-intervention). Violin plots show the distribution of individual mean 

values, with points representing individual participants. Black boxes indicate model-predicted 

means ± SE. (b) Change in displacement reaction time (post – pre) at the go-0ms TMS timepoint 

by intervention condition. The dotted horizontal line indicates no change, such that values below 

the line indicate a decrease in displacement reaction time from pre- to post-intervention while 

values above indicate an increase. Violin plots show the distribution of individual change scores, 

with points representing individual participants. Black boxes indicate model-predicted mean 

change ± SE. CF = cognitive fatigue intervention, CTL = control intervention. 
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5.6.4 Catch Trial Performance 

Participants incorrectly responded on 17.2% of catch trials. The probability of responding on a 

catch trial was not significantly impacted intervention condition, pre/post phase, or their 

interaction (p > .160 in all cases).  

5.6.5 Resting Motor Threshold 

No significant effect of intervention condition on RMT was observed (F(1,90) = 0.50, p = .480). 

While RMT rose slightly from pre- to post-intervention for both conditions (∆ intensity = +0.82, 

SE = 0.75), this increase was not significant (F(1,90) = 1.20, p = .277), nor was the interaction of 

pre/post phase and intervention condition (F(1,90) = 0.02, p = .880). 

5.6.6 Resting MEP Amplitude 

A significant intervention condition x pre/post phase interaction was observed (F(1,1117) = 

19.05, p < .001). Post hoc testing showed a tendency for resting MEP amplitude to decrease over 

CTL (∆ = -0.06 mV, SE = 0.04 mV, p = .090) but increase over CF (∆ = +0.06 mV, SE = 0.04 

mV, p = .158), resulting in a significant difference in pre-to-post change between conditions 

(∆CTL-∆CF = -0.12 mV, SE = 0.03 mV, p < .001; Fig. 5.5b). Further, there was no significant 

difference in resting MEP amplitude at pre-intervention (CTL-CF = 0.03 mV, SE = 0.04 mV, p = 

.437) while the post-intervention contrast approached significance (CTL-CF = -0.08 mV, SE = 

0.05 mV, p = .082; Fig. 5.5a).  
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Fig. 5.5 Resting peak-to-peak motor-evoked potential (MEP) amplitude (mV). (a) Resting MEP 

amplitude as a function of intervention condition (CTL, CF) and pre/post phase (pre-

intervention, post-intervention). Violin plots show the distribution of individual mean values, 

with points representing individual participants. Black boxes indicate model-predicted means ± 

SE. (b) Change in resting MEP amplitude (post – pre) by intervention condition. The dotted 

horizontal line indicates no change, such that values below the line indicate a decline in resting 

MEP amplitude from pre- to post-intervention while values above indicate an increase. Violin 

plots show the distribution of individual change scores, with points representing individual 

participants. Black boxes indicate model-predicted mean change ± SE. Asterisks indicate 

significant differences where p < .050. CF = cognitive fatigue intervention, CTL = control 

intervention. 

5.6.7 Preparatory MEP Amplitude 

MEP amplitude measured during the RT task preparatory delay period was significantly affected 

by TMS timepoint (F(2,3963) = 25.59, p < .001) such that MEP amplitude became progressively 

smaller as the go-signal approached. Specifically, preparatory MEP amplitude was significantly 
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smaller at go-150ms compared to go-500ms (∆ = -0.05 mV, SE = 0.02 mV, p = .003), and was 

further reduced at go-0ms compared to go-150ms (∆ = -0.04 mV, SE = 0.01 mV, p = .004) and 

go-500ms (∆ = -0.09 mV, SE = 0.02 mV, p < .001; Fig. 5.6).  

There was also a significant main effect of pre/post phase on MEP amplitude, F(1,29) = 

4.42, p = .044); however, this was superseded by a significant interaction between pre/post phase 

and intervention condition, F(1,3976) = 29.88, p < .001). While MEP amplitude did not 

significantly differ between intervention conditions at the pre-intervention phase (∆CTL-CF = -

0.034 mV, SE = 0.09 mV, p = .692) or post-intervention phase (∆CTL-CF = -0.082 mV, SE = 

0.07 mV, p = .265), the magnitude of the pre- to post-intervention change in MEP amplitude 

differed by intervention condition (∆CTL-∆CF = -0.12 mV, SE = 0.03 mV, p < .001). 

Specifically, MEP amplitude declined significantly between pre- and post phases in the CTL 

condition (∆ = -0.12 mV, SE = 0.04 mV, p = .005) but did not significantly change in the CF 

condition (∆ = -0.004 mV, SE = 0.03 mV, p = .906; Fig. 5.6).  
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Fig. 5.6 Preparatory peak-to-peak motor-evoked potential (MEP) amplitude (mV). MEP 

amplitude is shown as a function of intervention condition (CTL, CF), TMS timepoint (go-

500ms, go-150ms, go-0ms), and pre/post phase (pre-intervention, post-intervention). Violin plots 

show the distribution of individual mean values, with points representing individual participants. 

Black boxes indicate model-predicted means ± SE. Dashed lines show linear trends fitted to the 

estimated marginal means. Asterisks indicate significant differences where p < .050. CF = 

cognitive fatigue intervention, CTL = control intervention. 

5.7 Discussion 

This study examined whether inducing cognitive fatigue (CF) would alter corticospinal 

excitability at rest and during movement preparation, to explore a potential mechanism for CF-

related motor performance decrements. The CF manipulation was successful, shown by robust 

increases in subjective fatigue without specific effects on motivation, alongside non-significant 

trends toward slowed RT. Although it was expected that RT would be significantly increased by 

CF, response latency was influenced by the timing of the TMS pulse, which likely acted as a 

temporal pre-cue and may have reduced the detectability of CF-related slowing. We predicted 
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that CF would alter preparatory corticospinal excitability relative to control, potentially reflected 

as a reduced early rise or diminished suppression of excitability just prior to the go-signal. 

Importantly, while corticospinal excitability was clearly modulated by the CF manipulation, the 

observed changes were not in line with our predictions. Instead, corticospinal excitability 

actually declined between the pre-test and post-intervention testing in the CTL condition, while it 

was maintained following CF, becoming significantly elevated relative to control in the post-test. 

This effect of the fatigue manipulation on corticospinal excitability was consistent across the 

preparatory delay period (i.e., the effect was similar at all TMS delivery timepoints) and a similar 

pattern was evident at rest. Overall, these results suggest that CF leads to a broad elevation of 

corticospinal excitability relative to control, potentially reflecting compensatory maintenance of 

motor system readiness.  

5.7.1 Subjective Fatigue and Motivation  

In line with previous research, we confirmed that our Math-Memory intervention was successful 

in inducing cognitive fatigue, as indicated by a significantly greater rise in subjective fatigue 

ratings following the CF intervention compared to the CTL intervention (Fig. 5.2a and 5.2b) 

(Peters et al., 2022, 2024). Notably, although subjective fatigue increased, pre- to post-

intervention change in motivation did not differ between the intervention conditions (Fig. 5.2c 

and 5.2d). This latter finding concurs with previous research indicating that the Math-Memory 

task successfully induces cognitive fatigue without notable demotivation compared to control. 

This reduces the possibility that differences observed between the intervention conditions are due 

to varying levels of motivation rather than cognitive fatigue (Peters & Carlsen, 2025). 
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5.7.2 Premotor and Displacement Reaction Time 

Based on previous experiments using the same fatigue manipulation, it was expected that RT 

would be slowed following CF (Peters et al., 2022, 2024). However, in contrast, CF did not lead 

to a statistically significant increase in either premotor or displacement RT. Closer inspection 

suggested that the TMS pulse may have acted as a temporal pre-cue for the upcoming go-signal, 

as RT became systematically faster the earlier TMS was delivered relative to the go-signal (Fig. 

5.3a, Fig. 5.4a). Although foreperiod duration was held constant to allow sampling of 

comparable stages of preparation across participants and conditions (Kennefick et al., 2014), this 

consistency may have also allowed the TMS pulse to become a reliable temporal cue relative to 

the go-signal. This occurred despite variable intertrial intervals and instructions to actively ignore 

any sounds or sensations from the TMS. As shown elsewhere (Duecker et al., 2013; Duecker & 

Sack, 2013), the audible TMS “click”, sometimes accompanied by a light tapping sensation, may 

have primed the timing of the go-signal and facilitated RT, particularly when delivered early in 

the preparatory delay. Consistent with this explanation, RT was slowest when TMS coincided 

with the go-signal, when it could not provide advance temporal information. This pre-cueing 

effect also strengthened from pre- to post-intervention, especially at the -150 ms interval, 

suggesting that participants became more adept at using the pulse as a temporal cue with 

practice. Additionally, the unexpectedly high proportion of trials where participants incorrectly 

made a response on catch trials (> 17%) further supports the interpretation that the pulse acted as 

an unintended pre-cue, provoking anticipatory responses even when no go-stimulus was 

delivered.  

Generally, these findings suggest that TMS-related pre-cueing influenced RT throughout 

the experiment. As a result, inferences regarding the direct effects of CF on RT in the current 
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experiment should be made cautiously. However, several observations do suggest that CF-related 

RT slowing was nevertheless present, although potentially attenuated by the pre-cuing influence. 

More specifically, exploratory analyses at the go-0ms TMS delivery timepoint – where the TMS 

pulse theoretically could not act as a pre-cue – showed directional slowing of premotor RT 

following CF and slight speeding following CTL, with a similar and larger trend observed for 

displacement RT. Thus, while temporal cueing introduced by the TMS likely masked CF effects 

on RT, there is support for subtle CF-related slowing, in line with previous findings using the 

same Math-Memory intervention (Peters et al., 2022, 2024).    

5.7.3 Resting Motor Threshold  

Although few prior studies have statistically examined the effects of experimentally induced CF 

on RMT, several studies have explored this TMS metric in fatigue-prone clinical populations, 

with mixed results. For example, patients with post-COVID-19 fatigue have been reported to 

show significantly higher RMT than healthy controls (Ortelli et al., 2022), whereas no such 

differences were observed in post-stroke fatigue (Kindred et al., 2024). In our study, RMT 

appeared to increase from pre- to post-intervention in both the CF and CTL conditions, but these 

changes were not statistically significant. This is perhaps unsurprising, as our analysis may have 

been underpowered given that a single threshold value per participant and testing time (CF/CTL, 

pre/post) was recorded. Future work may wish to further examine the effects of CF on resting 

motor threshold in both healthy and clinical populations using larger samples.   

5.7.4 Preserved Corticospinal Excitability in CF Relative to Control  

The most notable finding was a divergence in pre-to post-intervention changes in corticospinal 

excitability between CTL and CF conditions. Corticospinal excitability measured during the 

preparatory period declined following the CTL intervention but remained stable following the 
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CF intervention (Fig. 5.6). This pattern was consistent across all stimulation timepoints within 

the preparatory delay period. Resting corticospinal excitability followed a similar trajectory, 

appearing to decrease over the CTL intervention while increasing over CF (Fig. 5.5). Although 

changes in resting corticospinal excitability were not significant within each intervention 

condition, the magnitude and direction of change differed significantly between CTL and CF. 

Thus, cognitive fatigue was associated with an overall elevation of corticospinal output relative 

to control, in a manner that was not specific to any particular phase of motor preparation.  

These findings align with some previous studies reporting maintenance of corticospinal 

excitability following cognitive tasks that produced subjective fatigue, both at rest and during 

motor imagery (Holgado et al., 2023; Rozand et al., 2015). However, these studies also reported 

stable corticospinal excitability in control conditions (including in comparable control 

conditions, i.e., a documentary film; Rozand et al., 2015), whereas we showed a decline in 

corticospinal excitability over CTL.  

Although it is not entirely evident why corticospinal excitability declined over the CTL 

intervention in this study, one possible explanation is that this reflects increased neural efficiency 

with repeated task performance. As participants became more practiced at the RT task from pre- 

to post-intervention, less central drive may have been required to elicit similarly rapid responses, 

resulting in the reduction in corticospinal excitability observed over the CTL task (Takenaka et 

al., 2024). In contrast, this practice-related decline was absent following the CF intervention. 

Instead, under CF, greater central drive may have been necessary to stabilize motor output and 

preserve performance despite potential fatigue-related reductions in processing efficiency (Ishii 

et al., 2014; Wang et al., 2016).   
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Importantly, elevated corticospinal excitability following the CF intervention relative to 

control was observed both at rest and uniformly across the preparatory delay period, indicating a 

global impact rather than targeted changes at specific stages of preparation. As expected, 

preparatory period corticospinal excitability displayed the typical pattern of early elevation 

followed by suppression (or “preparatory inhibition”) as the go-signal approached (Greenhouse 

et al., 2015; Hasbroucq et al., 1999); however, this temporal pattern was not altered by CF (Fig. 

5.6). The absence of stronger fatigue effects at timepoints nearest the go-signal, when 

preparatory inhibition is thought to be maximal (Hasbroucq et al., 1999; Ibáñez et al., 2020), 

argues against a purely inhibition-based explanation for the psychomotor impacts of CF. This 

interpretation is consistent with our previous behavioural observations showing that go/no-go RT 

performance (a measure of inhibitory control; Eagle et al., 2008; Menon et al., 2001) seemed less 

sensitive than choice or simple RT performance to the Math-Memory intervention (Peters & 

Carlsen, 2025).  

Overall, the pattern observed here is most consistent with broad compensatory 

modulation of corticospinal excitability in CF. Other work supports the idea that preserved 

performance under CF may involve compensatory neural activity. For example, improved task 

performance in CF has been associated with deactivation of midbrain regions that typically drive 

mental rest (Nakagawa et al., 2013) and increased frontoparietal network connectivity (Badarin 

et al., 2025; Niu et al., 2024). Electroencephalography studies have shown increased anterior 

frontal evoked potentials that correlate with reduced behavioural decline, even when rising 

subjective fatigue was reported (Samuel et al., 2019; Wang et al., 2016). In one study, the peak of 

this neural activity occurred around 60-100 minutes of sustained cognitive effort – approximately 

the duration of the Math-Memory task used here (Wang et al., 2016). Further, high-density 
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surface EMG analyses show no CF-related reduction in neural drive to the muscle during 

isometric contractions (Alix-Fages et al., 2023), and as previously described, the StartReact 

Effect appears resistant to CF induced by a similar version of the Math-Memory task (Peters et 

al., 2022). 

Together, these findings suggest that higher order/executive neural systems may be 

recruited to help offset fatigue-related disruptions and stabilize motor output. The results 

presented in this study support this interpretation, demonstrating preserved (or when compared to 

control, elevated) corticospinal excitability under cognitive fatigue. Overall, this is consistent 

with the idea of broad compensatory maintenance of motor readiness in CF, rather than fatigue-

induced motor suppression or changes in motor neural activity specific to any preparation phase.  

5.8 Conclusion 

This study explored the effect of cognitive fatigue on corticospinal excitability at rest and during 

motor preparation in a simple RT task. The cognitive fatigue intervention (Math-Memory Task) 

successfully increased subjective fatigue relative to control (documentary film viewing) without 

meaningfully affecting motivation. Premotor and displacement RT were primarily affected by the 

timing of TMS delivery, although directional trends consistent with CF-related RT slowing were 

observed. Contrary to our initial predictions, corticospinal excitability declined over the control 

condition but was preserved following cognitive fatigue induction, resulting in relatively 

elevated excitability in CF compared to control. This pattern was evident both at rest and across 

all measured timepoints within the preparatory delay period. 

Overall, these results are consistent with a compensatory, global maintenance of motor 

readiness in CF. In the context of other prior studies, these findings suggests that higher-order 

networks may upregulate motor system excitability to stabilize performance in the presence of 
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CF. Future research should further explore the relationship between preparatory corticospinal 

excitability and behavioural motor outcomes and assess whether this apparent compensatory 

maintenance of corticospinal excitability breaks down under longer or more demanding CF 

paradigms. 
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Chapter 6. Experiment 5 - Preliminary Evidence for Attenuation of Cognitive Fatigue 

Effects on Psychomotor Performance Following Auricular tVNS: A Sham-Controlled Pilot 

Study 

 

6.1 Abstract 

Cognitive fatigue is known to increase subjective feelings of exhaustion and negatively impact 

psychomotor performance, including reaction time (RT). This pilot study explored whether 

auricular transcutaneous vagus nerve stimulation (tVNS) can attenuate the subjective, 

psychomotor, and/or autonomic effects of cognitive fatigue using a randomised, single-blind, 

sham-controlled design. Simple RT performance, average heart rate, heart rate variability, and 

subjective sensations of fatigue, motivation loss, and tension were assessed before and after 

participants (n = 14) completed a 60-minute cognitively fatiguing Math-Memory intervention. 

On separate days, participants received either active auricular tVNS or sham (earlobe) 

stimulation throughout the Math-Memory intervention. Results suggested that active stimulation 

may attenuate cognitive fatigue-related increases in subjective fatigue, motivation loss, and 

tension compared to sham. Active stimulation also tended to reduce the impact of cognitive 

fatigue on psychomotor outcomes, reflected by smaller pre- to post-intervention increases in 

premotor and displacement RT, fewer anticipation errors, and higher EMG magnitude compared 

with sham. Average heart rate appeared unaffected by stimulation condition; however, heart rate 

variability tended to increase over the cognitive fatigue intervention with sham stimulation, 

while active stimulation produced the opposite pattern. A side-effect questionnaire indicated that 

stimulation was well-tolerated. While many of the observed effects remained at the trend level 

(.05 < p < .1) in this exploratory pilot study, these findings strongly support continued 

investigation of tVNS as a promising non-invasive technique for counteracting cognitive fatigue-
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related psychomotor performance deficits, while also highlighting the need for future work 

clarifying the neurophysiological mechanisms underlying these effects.  

6.2 Introduction 

Cognitive fatigue, often referred to as mental fatigue, is a common psychobiological state that 

occurs with demanding or prolonged cognitive effort (Ackerman, 2011; Behrens et al., 2023). It 

is an acute phenomenon characterized by sensations of exhaustion and a desire to disengage from 

mental work, considered conceptually distinct from sleep deprivation-related fatigue (Balkin & 

Wesensten, 2011; Hopstaken et al., 2015). Cognitive fatigue is an inherent part of modern life, 

arising during activities ranging from office work (Brazaitis & Satas, 2023), virtual meetings 

(Shockley et al., 2021), and smartphone use (Fortes et al., 2023; Jacquet et al., 2023), to driving 

(Adachi et al., 2024; M. Guo et al., 2016) and child care (Dettmers et al., 2020).  

Despite its commonality, cognitive fatigue can pose substantial risks. It has been shown 

to lead to slowed reaction times (Habay et al., 2021; Jacquet et al., 2023; Peters et al., 2022, 

2024), impaired sustained attention (Z. Guo et al., 2016), reduced physical endurance (Dallaway 

et al., 2022; Van Cutsem et al., 2017), altered balance control (Pitts & Bhatt, 2023), and 

disrupted emotional regulation (Grillon et al., 2015) and decision making (Jia et al., 2022). In 

healthcare settings, it has been associated with increased risk of surgical error (Chan et al., 2009; 

Thomas et al., 2012) and missed perioperative nursing care (Rahmani et al., 2025). Cognitive 

fatigue is also a known contributor to fatigue-related road accidents (Jaydarifard et al., 2024; 

Zeuwts et al., 2021), which account for an estimated total 15-20% of collisions internationally 

(Transport Canada, 2023). In construction work, cognitive fatigue can impair hazard recognition 

and slow responses to such hazards (Li et al., 2019, 2020; Z. Zhang et al., 2023), and in sports 

settings, it has been linked to impaired athletic performance (Habay et al., 2021; Yuan et al., 



191 

 

2023) and increased risk of injury (Fazackerley et al., 2025; Wirdnam et al., 2024). Cognitive 

fatigue is also one of the most debilitating symptoms reported in conditions such as traumatic 

brain injury (Ezekiel et al., 2021), post-stroke syndrome (Almhdawi et al., 2021), and multiple 

sclerosis (Craft et al., 2025; Islam et al., 2026), where it can substantially reduce quality of life.  

Overall, the prevalence of cognitive fatigue and its negative effects on cognitive, 

physical, and psychomotor performance are well documented. Given this, the development of 

interventions to counteract cognitive fatigue is of considerable interest (Proost et al., 2022). 

Several potential countermeasures have been explored, including behavioural interventions (e.g., 

nature exposure, listening to music, and physical activity), psychological interventions (e.g., 

mindfulness and extrinsic motivation), and physiological interventions (e.g., caffeine, 

carbohydrate intake, and odours; Proost et al., 2022; H. Sun et al., 2024). However, findings have 

been mixed, and many approaches are difficult to implement for real-time mitigation of cognitive 

fatigue outside controlled laboratory environments (Pan et al., 2024; Proost et al., 2022; H. Sun 

et al., 2024).  

One possible countermeasure that has received comparatively less attention is 

transcutaneous vagus nerve stimulation (tVNS). The vagus nerve (the tenth cranial nerve) 

originates in the medulla and projects extensively between the brain and peripheral organs 

(Johnson & Wilson, 2018). Stimulation of the vagus nerve has been used for more than two 

decades in the treatment of epilepsy and depression (Johnson & Wilson, 2018). Although early 

implementations of vagus nerve stimulation required surgical implantation of electrodes, non-

invasive options have since been developed. These methods deliver a mild electrical current 

through the skin, typically via paired electrodes, that activate vagal afferents at either the external 

ear (auricular branch) or neck (cervical branch; Badran et al., 2019; Butt et al., 2020). 
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Transcutaneous VNS is considered safe and is typically associated with only limited side effects, 

such as mild dizziness, headache, or skin irritation at the stimulation site (Badran et al., 2019; 

Giraudier et al., 2025; A. Y. Kim et al., 2022; Redgrave et al., 2018). As a result, some tVNS 

devices have been approved for self-administered at-home use (e.g., in the treatment of migraine; 

A. Y. Kim et al., 2022; Mertens et al., 2018). Overall, the simplicity and safety of tVNS have 

made it increasingly accessible both to the public and for use in research settings. 

Research in healthy participants has associated vagus nerve stimulation with elevated 

cortical alertness and arousal (Y. Chen et al., 2023), improved associative (Jacobs et al., 2015) 

and working memory performance (L. Sun et al., 2017), decreased RT latency (Lerman et al., 

2022; Marano et al., 2022; McIntire et al., 2021), and other enhanced psychomotor processes 

such as response selection (Jongkees et al., 2018; Su et al., 2025) and inhibition (Beste et al., 

2016; Schevernels et al., 2016). Some of such reported benefits have been suggested to arise 

from activation the locus coeruleus (LC), a small nucleus in the dorsal pons with widespread 

projections throughout the brain and spinal cord, and the brain’s primary source of 

norepinephrine (often referred to as the LC-NE system; Chandler, 2016; Poe et al., 2020). 

Transcutaneous VNS is thought to activate vagal afferent fibers in the ear, which, via the nucleus 

tractus solitarius, project to the LC and stimulate secretion of norepinephrine (Butt et al., 2020; 

Colzato & Beste, 2020). Enhanced levels of norepinephrine with stimulation, potentially 

alongside modulation of autonomic circuits (Ridgewell et al., 2021), may help explain the 

improvements in cognitive, memory, and psychomotor performance observed with VNS 

(McIntire et al., 2021; Ridgewell et al., 2021; H. Zhang et al., 2022).  

Given these benefits to cognitive and psychomotor functioning, recent work has begun to 

explore whether tVNS may also help counteract fatigue-related impairments. Compared to sham 
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stimulation, tVNS has been shown to improve general cognitive (multi-tasking) performance, 

reaction time task speed and accuracy, and subjective sensations of fatigue in sleep deprivation 

(McIntire et al., 2021). There is also evidence that tVNS may improve symptoms of mental 

fatigue in long-COVID syndrome (Badran et al., 2022; Linnhoff et al., 2023), primary Sjogren’s 

Syndrome (Tarn et al., 2023), and systemic lupus erythematosus (Aranow et al., 2021). However, 

despite growing evidence that tVNS may enhance cognitive and psychomotor functioning, its 

potential to counteract the effects of acute cognitive fatigue in healthy individuals remains 

largely unexplored. Therefore, the current pilot study investigated whether tVNS can attenuate 

subjective sensations of fatigue and/or psychomotor performance declines typically associated 

with cognitive fatigue, assessed using visual analog scales and a simple reaction time task. 

Preliminary signs of effectiveness would suggest that this approach could have practical 

implications for improving safety and wellbeing in contexts where cognitive fatigue is prevalent.  

6.3 Materials and Methods 

6.3.1 Participants 

An a priori power analysis was conducted based on the smallest effect size reported by Borges et 

al. (2021) for reaction time following transcutaneous vagus nerve stimulation (tVNS). Borges 

and colleagues reported partial η² values of 0.164 for differences between three stimulation 

locations and 0.147 for differences across three testing sessions. Using the smaller effect size 

(partial η² = 0.147) to provide a conservative estimate, the analysis indicated that 14 participants 

were required to achieve 80% power (α = .05).  

Fourteen participants took part in this pilot experiment, including 11 who self-identified 

as assigned female at birth (mean age = 21.60 ±4.52 years) and 3 who self-identified as assigned 

male at birth (mean age = 21.70 ±2.89 years). All participants were free from neurological 
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disorders, chronic fatigue, and uncorrected visual impairments. Consistent with safety 

recommendations for tVNS application (Badran et al., 2019), individuals were excluded if they 

had a history of epilepsy or seizures, severe mood or psychiatric disorders (e.g., schizophrenia, 

bipolar disorder), alcohol dependence, recent illicit drug use, or any cardiovascular conditions. 

Individuals were also ineligible to participate if they were pregnant, taking medications known to 

increase seizure risk (e.g., benzodiazepines, antiepileptics), had recently used elicit drugs, or had 

any implanted electrical devices (e.g., pacemaker, cochlear implant).  

All participants provided written informed consent prior to participation and were fully 

informed of the potential side-effects associated with sham and active tVNS, such as temporary 

and mild skin irritation from the electrodes, headache, and dizziness (Badran et al., 2019; A. Y. 

Kim et al., 2022).  

6.3.2 Experiment Overview 

This pilot experiment followed a randomised, single-blind, sham-controlled, within-participants 

design. Each participant completed two 2-hour testing sessions scheduled at the same time of day 

(between 8:30 am and 2:30 pm). Sessions were separated by at least 24 hours and no more than 1 

week. Active tVNS was applied during one session and sham stimulation during the other in 

randomised order. Participants remained blinded to stimulation condition until completion of the 

study, at which point they were fully debriefed.  

An overview of the experimental timeline is depicted in Fig. 6.1a. To begin each session, 

participants completed a brief lifestyle questionnaire assessing factors that could influence 

fatigue or motor performance, including recent sleep, caffeine intake, mental work (e.g., 

studying), or physical activity. Participants were then seated in a comfortable chair ~1.5 m from 

a 24-inch computer monitor. At this point, tVNS, electromyography (EMG), and 
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electrocardiography (ECG) electrodes were applied, and tVNS threshold estimation was 

completed. Next, immediately before and after 60-minute cognitively fatiguing Math-Memory 

intervention (Peters et al., 2022, 2024; Peters & Carlsen, 2025), participants: 1) provided 

subjective ratings of cognitive fatigue, tension, and motivation/indifference level, 2) completed a 

visual simple reaction time task, and 3) underwent a 40-second ECG recording for assessment of 

heart rate measures (Fig. 6.1).  

At the end of each session, participants completed a tVNS side-effect questionnaire (see 

Appendix C.1.2 for details; adapted from Jacobs et al., 2015). Participants were fully debriefed 

regarding the order of stimulation (active, sham) they received following completion of the final 

session.  
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Fig. 6.1 Experimental overview. (a) Experimental timeline, (b) experimental set-up for reaction 

time tasks, and (c) active and sham tVNS configurations on the left ear are depicted. ECG = 

electrocardiography; EMG = electromyography; FDI = first dorsal interosseous muscle; RT = 

reaction time; VAS = visual analog scale. 

6.3.3 Subjective Fatigue and Motivation Ratings  

Subjective ratings of cognitive fatigue (0 = not at all mentally fatigued, 10 = extremely mentally 

fatigued), indifference (lack of motivation; 0 = motivated to succeed in the task, 10 = indifferent 

about the task), and tension (0 = relaxed, 10 = tense) were measured using a 20 cm horizontal 
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visual analog scale. Participants used a computer mouse to position a marker along each 

continuous scale according to their current state (Michielsen et al., 2003).  

6.3.4 Simple Reaction Time (RT) Task  

For the simple RT task, participants placed their right arm on an armrest with the shoulder 

abducted approximately 30°, elbow flexed near 90°, and forearm pronated position (Fig. 6.1b). 

The index finger rested lightly on the button of a telegraph key (Ameco AM-K4B) which 

outputted 0 V when open and 5 V when depressed. Following skin preparation with alcohol, a 

bipolar pre-amplified surface EMG electrode (Delsys DE-2.1) was placed over the right first 

dorsal interosseous (FDI) muscle to measure premotor RT. A grounding electrode (carbon-pad, 2-

inch square, Easy@home) was positioned over the medial epicondyle of the right elbow. EMG 

signals were amplified using a Delsys Bagnoli system.  

Each RT task trial began with presentation of a fixation cross (1 cm x 1 cm) centered 

within a 7 cm x 7 cm black square on the monitor. After 1 second, the fixation cross disappeared, 

serving as the “warning signal”. Following a randomised foreperiod (1.5-2.5 seconds), the square 

illuminated green to indicate the imperative (go) stimulus. Participants were instructed to 

respond as quickly as possible by pressing the telegraph key with the index finger. Performance 

feedback (e.g., RT, anticipation errors) was displayed during a 2-second intertrial interval, before 

the next trial began. EMG and telegraph key data were recorded continuously for 3 seconds 

within each trial, beginning 1 second prior to the go-signal and digitally sampled at 4 kHz 

(National Instruments PCIe-6321).   

Participants first completed 20 simple RT task practice trials (pre-intervention only), 

followed by two blocks of 25 trials before the cognitive fatigue intervention, and two blocks of 

25 trials after the intervention.  
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6.3.5 Electrocardiography (ECG) 

ECG was recorded as a non-invasive measure of autonomic regulation. A custom built 3-lead 

heart rate sensor (AD8232 module) was used to capture heart rate with adhesive electrodes 

placed below the left and right clavicles and over the left costal margin. Participants were asked 

to sit quietly without moving during a 40-second recording period, both before and after the 

cognitive intervention. ECG recordings were sampled at 1000 Hz. 

6.3.6 Cognitive Fatigue (CF) Intervention 

The cognitive fatigue intervention consisted of a 60-minute Math-Memory dual task (Peters et 

al., 2022, 2024; Peters & Carlsen, 2025). Participants completed the task using a wireless 

keyboard placed on a lap-desk. At the start of each trial, seven letters were presented briefly and 

sequentially at the centre of the computer monitor. Participants were instructed to remember the 

letters in the order presented while refraining from verbal rehearsal. This was followed by a 45-

second math segment in which participants selected the mathematical operator using marked 

keyboard keys (+, -, /, x) that correctly completed a displayed equation (e.g., 5 ? 3 = 8, answer = 

+). Participants were encouraged to correctly solve as many equations as possible during this 

segment. Accuracy feedback (shown by a green check mark for correct responses or red X for 

incorrect responses) was provided following each response. After the math segment, participants 

attempted to recall the last-displayed letter sequence by typing the letters in order into boxes 

displayed on the computer monitor. Letter recall accuracy feedback (box frames turning red for 

an incorrect letter/order or green for a correct letter/order) was provided to mark the end of the 

trial.  

In line with evidence suggesting that individualizing cognitive task difficulty can enhance 

cognitive fatigue induction (O’Keeffe et al., 2020; Staiano et al., 2024), CF task difficulty was 
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adapted to participant performance to maintain approximately 85% response accuracy. More 

specifically, after every fourth 45-second trial, stimulus display times and response intervals 

were adjusted by 10% depending on participant performance, i.e., increased if overall accuracy 

(averaged across both task segments) dropped below 85% and shortened if accuracy exceeded 

85%. Initial display/response interval durations were 3000 ms for math problems and 800 ms for 

the letter segment.  

6.3.7 Transcutaneous Vagus Nerve Stimulation (tVNS) 

Active and sham tVNS were applied to different sites on the left ear. Following skin cleansing 

with alcohol, small (6 mm) Ag/AgCl sintered electrodes (neurospec.com) were secured to the ear 

using a conductive paste (Ten20). In the active condition, electrodes were positioned with the 

anode over the cymba conchae and the cathode over the tragus to target the auricular branch of 

the vagus nerve (Badran et al., 2019; Kreisberg et al., 2021; Fig. 6.1c). In the sham condition, the 

anode was placed over the posterior aspect of the earlobe, and the cathode over the anterior 

aspect (Badran et al., 2019; Kreisberg et al., 2021; Fig. 6.1c). The earlobe was chosen for sham 

stimulation as it is thought to lack vagal innervation (Badran et al., 2018; Frangos et al., 2015).  

Electrodes were connected to a wired stimulating device (Grass Technologies S88 

stimulator) connected in series with a stimulus isolation unit (Grass Technologies SIU-5) and 

constant current unit (Grass Technologies CCU1). This setup ensured that the electrical 

stimulation was isolated from the main voltage, limited to a maximum of 100mA.  

Stimulation was delivered continuously throughout the 60-minute cognitive intervention 

using 200 µs pulses delivered at 25 Hz in repeating trains (4 second on, 10-11 seconds off; 

Badran et al., 2019; Su et al., 2025). Stimulation intensity was individualized based on 
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perceptual threshold testing (1.5 times threshold), never exceeding 5 mA (range = 0.3 – 3.0 mA; 

Badran et al., 2019; Su et al., 2025).  

The tVNS perceptual threshold was defined as the minimum current intensity that would 

produce a detectable tingling sensation. It was determined at the beginning of each study session 

using a one-up–one-down staircase procedure (stimulus amplitude was decreased following 

detection and increased following non-detection), with a starting intensity of approximately 0.5 

mA (Badran et al., 2019). Participants completed a brief side-effect questionnaire following each 

session to quantify any discomfort associated with using the tVNS device (Jacobs et al., 2015; A. 

Y. Kim et al., 2022; Appendix C.1.2). 

6.4 Data Reduction  

ECG recordings were visually inspected and excessively noisy recording segments (e.g., due to 

obvious movement) were removed prior to analysis. R-peaks were identified using custom 

LabVIEW software, and inter-beat intervals (IBIs) were calculated from successive R-peak 

timings. Mean heart rate (bpm) was calculated from average IBI duration, and heart rate 

variability (HRV) was quantified using the root mean square of successive differences 

(RMSSD):  

𝑅𝑀𝑆𝑆𝐷 =  √
1

𝑁 − 1
∑ (𝐼𝐵𝐼𝑖+1 −  𝐼𝐵𝐼𝑖)2

𝑁−1

𝑖=1
 

RMSSD values were calculated only when more than 12 IBIs were available to reduce 

the likelihood of unreliable HRV estimates. Extreme RMSSD values (> 150 ms) were excluded 

to reduce the influence of artifact contaminated or physiological implausible recordings.  

Telegraph key displacement onset was defined as the time at which the key transitioned 

from the open (0 V) to closed (5 V) position. Premotor RT was defined as EMG burst onset 
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timing, identified when the rectified, filtered EMG activity exceeded baseline activity by more 

than 2 SD. Researchers visually inspected and adjusted onset markers where necessary (Hodges 

& Bui, 1996). EMG burst magnitude (Q100; indicative of initial motor drive at the muscle) was 

calculated as the integrated area of the raw rectified EMG signal recorded within 100 ms 

following burst onset.  

RT task trials were excluded if responses were irregular (e.g., double tap of key press, 12 

trials) and were analysed separately if anticipatory (premotor RT < 50 ms: 110 trials; 

displacement RT < 100 ms: 138 trials). Additional RT outliers exceeding ±2.5 SD from the 

participant mean were removed from analysis (premotor RT outliers: 85 trials; displacement RT 

outliers: 85 trials). Practice RT trials were not analysed.  

6.5 Statistical Analysis 

Statistical analyses were performed using R statistical software version 4.5.3 (R Core Team, 

2026). Linear mixed-effect models were fit using the lmer() function (package: lme4; Bates et al., 

2015) to assess the effects of testing time (pre- vs post-intervention) and stimulation condition 

(active vs sham tVNS) on subjective ratings, mean heart rate, HRV (RMSSD), EMG burst 

magnitude (Q100), premotor RT, and displacement RT. Premotor RT, displacement RT and burst 

magnitude were analysed on the log-transformed scale to meet model assumptions. The effect of 

testing time and stimulation condition on the probability of committing an RT task anticipation 

error was analysed using a binomial generalized mixed-effect model (logit link; function: 

glmer(), package: lme4) given the binary nature of the data (anticipation vs not).  

For all analyses, maximal random-effects structures were initially specified. Models with 

convergence difficulties were refit using the BOBYQA optimizer (Powell, 2009). When singular 

fits or persistent convergence failures occurred, random-effects structures were iteratively 
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simplified. Random-effects variance-covariance structures were assessed to determine if 

specified models showed evidence of overparameterization, indicated by highly correlated 

random effects or principal components explaining negligible variance (Bates et al., 2018; 

Matuschek et al., 2017). In the case of such overparameterization, models were further simplified 

until a final parsimonious model was achieved.  

The significance of fixed effects was evaluated with Type II Wald χ² tests using the 

Anova() function from the car package for generalized mixed models (Brooks et al., 2017; Fox & 

Weisberg, 2019) and Type III F-tests with Satterthwaite-adjusted degrees of freedom using the 

lmerTest package for linear mixed models (Bates et al., 2015; Kuznetsova et al., 2017). 

Estimated marginal means (EMMs) were computed using the emmeans package (Lenth et al., 

2026). For log-transformed variables, EMMs were back-transformed to the response scale. 

Pairwise comparisons were Holm-Bonferroni corrected. Statistical significance was set at p ≤ 

.050, but p-values < .100 were considered to be “trending”. As this was a pilot study with a small 

sample, analyses were treated as exploratory and focused on estimation of effect directions and 

magnitudes rather than strict inference. As such, all a priori, hypothesis-relevant post hoc 

comparisons were completed, regardless of fixed effect significance (see Table 6.1). 

For analyses using linear mixed models, approximate Cohen’s d (da) values were derived 

from model-based standardized mean differences with total model variance used for 

standardization (function: eff_size, package: emmeans; Lenth et al., 2026). For outcomes 

analysed on the log-transformed scale (premotor RT, displacement RT, and Q100), da reflects 

standardized differences on the log-transformed scale. In the case of the binomial generalized 

model, odds ratios are instead indicated. Unstandardized effect sizes (mean differences ±95% CI) 

are also reported (Pek & Flora, 2018). Supplementary analyses (baseline lifestyle/demographic 
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metrics, tVNS side-effect ratings, and Math-Memory task performance) are described in 

Appendix C.2. 

6.6 Results 

6.6.1 Baseline Measures 

None of the baseline lifestyle metrics assessed (see Appendix C.3.1) nor any of the outcome 

variables (subjective ratings, RT metrics, HR measures) differed significantly between testing 

sessions at baseline (pre-intervention; Table 6.1). 

6.6.2 Subjective Ratings 

Subjective cognitive fatigue increased significantly from pre- to post-intervention regardless of 

stimulation condition (F(1, 39) = 96.27, p < .001; Δ = +4.88, 95% CI [3.85, 5.91], da = 2.15). 

Neither stimulation condition (F(1, 39) = 0.22, p = .639) nor the testing time x stimulation 

condition interaction (F(1, 39) = 1.47, p = .233) was significant. Exploratory comparisons 

suggested a slightly larger increase in subjective cognitive fatigue following the CF task with 

sham stimulation compared to active, but this difference was not significant (Table 6.1; Fig. 

6.2a).   

Subjective indifference (lack of motivation) also increased significantly from pre- to post-

intervention (F(1, 39) = 10.52, p = .002; Δ = +1.18, 95% CI [0.41, 1.94], da = 0.58). No 

significant effects of stimulation condition (F(1, 39) = 0.96, p = .334) or the testing time x 

stimulation condition interaction (F(1, 39) = 2.06, p = .159) were observed. Exploratory analyses 

suggested a slightly larger increase in task indifference following sham stimulation relative to 

active (Table 6.1; Fig. 6.2b). Note that significant pre- to post-intervention increases in 

indifference were observed only in the sham condition (Table 6.1).  
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Subjective tension increased significantly pre- to post-intervention (F(1, 39) = 39.54, p < 

.001; Δ = +2.27, 95%CI [1.50, 3.04], da = 0.95). The testing time x stimulation condition 

interaction was not significant (F(1, 39) = 0.83, p = .369) while the main effect of stimulation 

condition approached significance (F(1, 39) = 3.00, p = .091). Exploratory analyses suggested a 

slightly greater, but non-significant, increase in tension following sham stimulation compared 

active. Within the post-intervention period, subjective tension was elevated following sham 

stimulation compared to active at a level that neared significance (Table 6.1; Fig. 6.2c). 

 

Fig. 6.2 Subjective ratings. Subjective ratings of (a) mental fatigue (0 = not at all mentally 

fatigued, 10 = extremely mentally fatigued), (b) indifference/ lack of motivation (0 = motivated 

to succeed in the task, 10 = indifferent about the task), and (c) tension (0 = relaxed, 10 = tense) 

are shown by testing time (pre-intervention, post-intervention) and stimulation condition (active, 

sham). Violin plots show the distribution of individual values, with points representing individual 

participant ratings. Black outlined boxes indicate model-predicted means with the limits showing 

SE. * indicates p-value < .100, ** indicates p-value < .050. 
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6.6.3 Reaction Time  

Expected pre- to post-intervention slowing of RT (based on previously reported results: Peters et 

al., 2022, 2024; Peters & Carlsen, 2025) were not initially observed following the Math-Memory 

intervention in this experiment, contrary to expectations (see Appendix C.3.2 for this analysis). 

Thus, to reduce potential influences of practice effects and cognitive fatigue decay, analyses of 

premotor and displacement RT focused on block 2 vs block 3 (i.e., the 25 trials immediately 

before (pre) and after (post) the cognitive intervention).  

For premotor RT, there was a significant testing block x stimulation condition interaction 

(F(1, 1273) = 5.01, p = .025). The main effect of stimulation condition was not significant (F(1, 

13) = 0.87, p = .367), while the main effect of testing block approached significance (F(1, 1273) 

= 3.25, p = .072). Post hoc analyses showed significant premotor RT speeding following active 

stimulation, whereas sham stimulation produced a very small, non-significant slowing. Post-

intervention differences between stimulation conditions approached significance, such that 

slower RT was observed following sham stimulation. The pre- to post-intervention change also 

differed significantly between stimulus conditions, indicating greater fatigue-related slowing 

with sham stimulation (Table 6.1; Fig. 6.3a). 

For displacement RT, no significant main effects of testing block (F(1, 1256) = 0.23, p = 

.635) or stimulation condition (F(1, 13) = 0.00, p = .993) were observed. However, a significant 

testing block x stimulation condition interaction was present (F(1, 1257) = 4.31, p = .038). Post 

hoc analyses indicated near-significant slowing following sham stimulation, and a small, non-

significant speeding effect following active stimulation. The difference in pre- to post-

intervention change between conditions approached significance, suggesting greater fatigue-

related slowing of displacement RT with sham stimulation (Table 6.1; Fig. 6.3b). 
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Fig. 6.3 Reaction time. (a) Premotor reaction time (ms) and (b) displacement reaction time (ms) 

are shown by testing time (pre-intervention, post-intervention) and stimulation condition (active, 

sham). Only data for block 2 (pre) and block 3 (post) are shown. Violin plots show the 

distribution of individual values, with points representing individual participant means. Black 

outlined boxes indicate model-predicted means with the limits showing SE. * indicates p-value < 

.100, ** indicates p-value < .050. 

6.6.4 EMG Burst Magnitude (Q100) 

Q100 was not significantly affected by testing time (F(1, 13) = 0.04, p = .852), or stimulation 

condition (F(1, 13) = 0.26, p = .616). However, a significant testing time x stimulation condition 

interaction was observed (F(1, 2550) = 5.40, p = .020). Post hoc comparisons showed a small, 

non-significant decline in Q100 following sham stimulation and a non-significant increase 

following active stimulation. The difference in pre- to post-intervention change between 

stimulation conditions approached significance, such that a greater increase in Q100 was 

observed with active stimulation (Table 6.1; Fig. 6.4). 
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Fig. 6.4 Reaction time task response EMG burst magnitude (Q100). Q100 (mV·ms) is shown by 

testing time (pre-intervention, post-intervention) and stimulation condition (active, sham). Violin 

plots show the distribution of individual values, with points representing individual participant 

means. Black outlined boxes indicate model-predicted means with the limits showing SE. * 

indicates p-value < .100. 

6.6.5 Anticipatory Reaction Time Errors 

Anticipation error rates were not significantly affected by stimulation condition (χ²(1) = 0.12, p = 

.734) or testing time (χ²(1) = 0.78, p = .378). However, the testing time x stimulation condition 

interaction approached significance (χ²(1) = 3.39, p = .066). Exploratory post hoc analyses 

suggested anticipation errors increased significantly following sham stimulation but tended to 

decrease following active stimulation. The difference in pre- to post-intervention change 

approached significance, with a greater increase in anticipation observed with sham stimulation 

(Table 6.1; Fig. 6.5). 



208 

 

 

Fig. 6.5 Probability of an anticipatory response error on the RT task. Error probability is shown 

by testing time (pre-intervention, post-intervention) and stimulation condition (active, sham). 

Violin plots show the distribution of individual values, with points representing individual 

participant means. Black outlined boxes indicate model-predicted means with the limits showing 

SE. * indicates p-value < .100. 

6.6.6 Heart Rate Measures  

Mean heart rate decreased significantly from pre- to post-intervention regardless of stimulation 

condition (F(1, 20) = 10.69, p = .004; Δ = -3.67 bpm, 95% CI [-6.05, -1.28], da = 0.34). Neither 

stimulation condition (F(1, 13) = 0.38, p = .547) nor the interaction between testing time x 

stimulation condition (F(1, 20) = 0.06, p = .817) were significant.  

HRV (RMSSD) was not significantly affected by testing time (F(1, 13) = 0.02, p = .880) 

or stimulation condition (F(1, 13) = 2.33, p = .151). However, the testing time x stimulation 

condition interaction approached significance (F(1, 8) = 4.26, p = .072). Exploratory analyses 

suggested a trend toward increased HRV following sham stimulation and decreased HRV 
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following active stimulation, although neither change reached significance (Table 6.1). Within 

the post-intervention period, HRV was higher following sham stimulation compared to active at 

a level that closely approached significance (Table 6.1). Further, differences in the pre- to post-

intervention change in HRV differed by stimulation condition at a level that approached 

significance, indicating a greater increase in HRV with sham stimulation (Table 6.1; Fig. 6.6). 

 

Fig. 6.6 Heart rate measures. (a) Mean heart rate (bpm) and (b) heart rate variability (RMSSD, 

ms) are shown by testing time (pre-intervention, post-intervention) and stimulation condition 

(active, sham). Violin plots show the distribution of individual values, with points representing 

individual participant means. Black outlined boxes indicate model-predicted means with the 

limits showing SE. * indicates p-value < .100, ** indicates p-value < .050. 
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Table 6.1 Post hoc comparisons by stimulation condition and testing time. Statistics for premotor 

and displacement RT reflect comparisons of block 2 (pre-intervention) vs block 3 (post-

intervention). S = Sham stimulation, A = Active stimulation; da = approximated Cohen’s d value; 

OR = Odd’s ratio; * indicates p-value < .100, ** indicates p-value < .050. 

 Difference 95% CI p Effect size 

Subjective Fatigue Ratings 

 ∆ Spre - Apre -0.84 [-2.26, 0.59] .241 0.37 (da) 

 ∆ Spost - Apost +0.37 [-1.06, 1.79] .605 0.16 (da) 

 ∆ Spost - Spre +5.48 [4.06, 6.91] < .001** 2.42 (da) 

 ∆ Apost - Apre +4.28 [2.86, 5.70] < .001** 1.88 (da) 

 ∆ Spost-pre - Apost-pre +1.20 [-0.81, 3.22] .233 0.53 (da) 

Subjective Indifference Ratings 
   

 ∆ Spre - Apre -0.17 [-1.22, 0.89] .749 0.08 (da) 

 ∆ Spost - Apost +0.88 [-0.18, 1.93] .099* 0.43 (da) 

 ∆ Spost - Spre +1.70 [0.65, 2.78] .003** 0.83 (da) 

 ∆ Apost - Apre +0.66 [-0.40, 1.71] .210 0.32 (da) 

 ∆ Spost-pre - Apost-pre +1.04 [-0.45, 2.54] .163 0.51 (da) 

Subjective Tension Ratings 

 ∆ Spre - Apre +0.30 [-0.76, 1.36] .566 0.12 (da) 

 ∆ Spost - Apost +0.95 [-0.11, 2.01] .075* 0.40 (da) 

 ∆ Spost - Spre +2.60 [1.54, 3.66] < .001** 1.09 (da) 

 ∆ Apost - Apre +1.94 [0.88, 3.00] .001** 0.81 (da) 

 ∆ Spost-pre - Apost-pre +0.66 [-0.84, 2.16] .373 0.27 (da) 

Premotor RT (ms) 

 ∆ Spre - Apre -0.97 [-9.53, 7.59] .811 0.02 (da) 

 ∆ Spost - Apost +7.42 [1.18, 16.02] .086* 0.18 (da) 

 ∆ Spost - Spre +0.83 [-4.94, 6.61] .761 0.02 (da) 

 ∆ Apost - Apre -7.55 [-13.24, -1.86] .013** 0.18 (da) 

 ∆ Spost-pre - Apost-pre +8.39 [0.27, 16.50] .044** 0.20 (da) 

Displacement RT (ms) 

 ∆ Spre - Apre -3.86 [-10.87, 3.16] .257 0.09 (da) 
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 ∆ Spost - Apost +3.82 [-3.46, 11.11] .279 0.09 (da) 

 ∆ Spost - Spre +4.72 [-0.90, 10.34] .093* 0.11 (da) 

 ∆ Apost - Apre -2.96 [-8.58, 2.66] .278 0.07 (da) 

 ∆ Spost-pre - Apost-pre +7.68 [-0.28, 15.60] .058* 0.19 (da) 

Q100 (µV·ms) 

 ∆ Spre - Apre -0.40 [-3.06, 2.26] .749 0.06 (da) 

 ∆ Spost - Apost -0.88 [-3.60, 1.84] .496 0.13 (da) 

 ∆ Spost - Spre -0.11 [-1.40, 1.17] .852 0.02 (da) 

 ∆ Apost - Apre +0.37 [-1.04, 1.77] .580 0.05 (da) 

 ∆ Spost-pre - Apost-pre -0.48 [-0.96, 0.00] .051* 0.07 (da) 

Anticipation Errors (probability) 
   

 ∆ Spre - Apre -0.021 [-0.046, 0.005] .118 0.60 (OR) 

 ∆ Spost - Apost +0.012 [-0.015, 0.038] .374 1.27 (OR) 

 ∆ Spost - Spre +0.026 [-0.001, 0.052] .058* 1.82 (OR) 

 ∆ Apost - Apre -0.007 [-0.033, 0.020] .610 0.86 (OR) 

 ∆ Spost-pre - Apost-pre +0.032 [-0.005, 0.070] .090* 2.11 (OR) 

Mean Heart Rate (bpm) 
    

 ∆ Spre - Apre -1.10 [-6.11, 3.91] .650 0.10 (da) 

 ∆ Spost - Apost -1.62 [-7.03, 3.78] .539 0.15 (da) 

 ∆ Spost - Spre -3.93 [-7.53, -0.33] .034** 0.36 (da) 

 ∆ Apost - Apre -3.40 [-6.54, -0.26] .035** 0.31 (da) 

 ∆ Spost-pre - Apost-pre -0.53 [-5.32, 4.26] .820 0.05 (da) 

HRV (RMSSD, ms) 
    

 ∆ Spre - Apre 3.07 [-9.81, 16.00] .618 0.10 (da) 

 ∆ Spost - Apost 14.31 [-0.28, 28.9] .054* 0.48 (da) 

 ∆ Spost - Spre 6.51 [-7.95, 20.97] .357 0.22 (da) 

 ∆ Apost - Apre -4.72 [-18.06, 8.62] .463 0.16 (da) 

 ∆ Spost-pre - Apost-pre 11.20 [-2.06, 24.50] .087* 0.38 (da) 
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6.7 Discussion 

This randomised, single-blind, sham-controlled pilot study explored whether auricular tVNS 

could mitigate the subjective, psychomotor, and autonomic effects of cognitive fatigue. As 

expected, the Math-Memory intervention significantly increased subjective ratings of mental 

fatigue, suggesting a successful cognitive fatigue manipulation. Ratings of indifference (lack of 

motivation) and tension also increased. Although stimulation condition did not significantly 

affect these measures, all three subjective outcomes tended to increase more following sham 

stimulation compared to active stimulation. These findings align with previous work showing 

reduced subjective fatigue and less impaired focus during sleep deprivation and language 

learning following tVNS (McIntire et al., 2021; Miyatsu et al., 2024). Other research has 

reported reduced perceived stress (W.-J. Kim et al., 2025) and elevated motivational drive 

(Neuser et al., 2020; J. Sun et al., 2026) with active stimulation compared to sham. Considered 

alongside such findings, the current results (while preliminary) suggest that tVNS may help 

attenuate fatigue-related sensations, tension, and motivational decline during sustained cognitive 

effort.  

Contrary to expectations, analyses of the full RT data set did not initially show RT 

slowing similar to that which has been previously observed following the Math-Memory 

cognitive fatigue intervention (Peters et al., 2022, 2024; Peters & Carlsen, 2025). This likely 

reflects the limited sample size of the present pilot study. The effects of cognitive fatigue on 

simple RT in experimental settings can be small (e.g., 7-10 ms; Peters et al., 2022, 2024) and 

may require substantially larger sample sizes to reliably detect. Additionally, participants may 

not have been fully acclimated to the RT task despite the practice period (which was quite short), 

and fatigue effects may have dissipated relatively quickly following completion of the 
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intervention. To further investigate these RT effects while minimizing he potential influence of 

practice effects and fatigue decay, exploratory RT analyses focused on the testing blocks 

immediately before and after the cognitive fatigue intervention. Under these conditions, 

stimulation-specific effects became apparent. Displacement RT tended to slow and premotor RT 

remained relatively stable following sham stimulation, whereas active stimulation was associated 

with relative RT speeding, reaching significance for premotor RT. Similar improvements in RT 

performance following tVNS have been reported during sleep deprivation (McIntire et al., 2021) 

and in non-fatigued populations (Gurtubay et al., 2023). Although these findings should be 

cautiously interpreted, they suggest that tVNS may help counteract cognitive fatigue-related 

slowing of psychomotor performance.  

These RT results were accompanied by stimulation-specific changes in EMG burst 

magnitude. EMG burst integrated area in the initial 100 ms (Q100) tended to decline following 

sham stimulation and increase following active stimulation. Although this measure has not been 

widely explored in the tVNS literature, related work has shown increased corticospinal 

excitability following cervical tVNS, as reflected by increased motor-evoked potential amplitude 

(Denyer et al., 2026; Wang et al., 2023). When considered alongside the present observations, 

these results suggest that tVNS could help maintain both response speed and early motor drive 

following cognitively fatiguing conditions.  

Notably, active stimulation was associated with a trend toward fewer anticipatory 

response errors on the RT task, whereas the opposite trend was observed with sham stimulation. 

There is some evidence that inhibitory control may be sensitive to tVNS (Ridgewell et al., 2021). 

For instance, reduced frontal N2 activity has been observed during NoGo trials (i.e., Go/No-Go 

RT task where the response should be withheld) following tVNS despite unchanged behavioural 
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performance (Pihlaja et al., 2020). The authors interpreted this to reflect greater cognitive control 

efficiency following tVNS, whereby less central effort was required to withhold a prepared 

response at the same rate (Pihlaja et al., 2020). Other evidence suggests that 60 minutes of tVNS 

may alter intracortical excitatory and inhibitory balance within M1, increasing short-interval 

intracortical inhibition and reducing short-interval intracortical facilitation (Gerges et al., 2025). 

However, behavioural evidence for improved inhibitory control with tVNS remains mixed, with 

some studies reporting benefits (Beste et al., 2016) and others reporting little to no effect (Borges 

et al., 2020; Ridgewell et al., 2021). Therefore, while it seems that tVNS may help preserve 

response inhibition in the present study, it is clear that this is an area requiring further study.  

Measures of average heart rate (overall average = 76.3 bpm, SD = 9.9 bpm) and heart rate 

variability (RMSSD, overall average = 43.3 ms, SD = 22.0 ms) were within typical ranges for the 

age group tested (Quer et al., 2020; van den Berg et al., 2018). With sham stimulation, cognitive 

fatigue was associated with reductions in average HR and trends towards increased HRV, 

indicative of a shift toward greater parasympathetic dominance. Similar autonomic responses to 

prolonged cognitive effort have been reported previously, with several studies showing increased 

cardiac vagal tone in cognitive fatigue (Csathó et al., 2024; Matuz et al., 2021), although such 

effects may depend on the specific cognitive task used (e.g., Goodman et al., 2025). Conversely, 

active stimulation appeared to alter this cognitive fatigue-related autonomic response pattern, 

particularly such that HRV tended to decrease rather than increase following the cognitive 

fatigue intervention. Previous studies exploring the effects of auricular tVNS on HRV have 

produced mixed findings, including reports of increased HRV (Geng et al., 2022; Percin et al., 

2024), no change (Borges et al., 2019; Šinkovec et al., 2023), and reduced HRV (Altınkaya et al., 

2023; Kaduk et al., 2025). Interestingly, Schiweck and colleagues (2025) found that auricular 
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tVNS reduced HRV in individuals with relatively high baseline RMSSD values while 

normalizing HRV in those with lower baseline values. If cognitive fatigue increases HRV from 

baseline, a similar normalizing effect may be occurring here.  

Taken together, the present subjective, behavioural, and physiological findings all point in 

a relatively consistent direction. Specifically, as compared to sham stimulation, active tVNS was 

associated with trends toward reduced fatigue-related sensations, altered autonomic (HRV) 

responses, and preserved or improved motor performance in cognitive fatigue. Thus, although 

this pilot study lacked sufficient power to strongly establish efficacy, the overall pattern suggests 

that auricular tVNS may help attenuate subjective and psychomotor performance consequences 

of cognitive fatigue. Cognitive fatigue has been shown to impair reaction time, sustained 

attention, and motivation across a variety of settings including transportation (M. Guo et al., 

2016; Ting et al., 2008), healthcare (Petrut et al., 2020), construction (Li et al., 2019; Yue et al., 

2024), military operations (Rabat et al., 2025; Vrijkotte et al., 2016), sport (Habay et al., 2021), 

and rehabilitation (P.-Y. Chen et al., 2022; Ramage et al., 2019). If future research confirms these 

effects, auricular tVNS may prove useful as a non-invasive tool to help maintain performance 

and reduce fatigue-related errors during extended periods of mentally demanding work in such 

settings. This could be particularly relevant in safety-critical environments where even small 

motor performance decrements could increase accident risk.  

One potential neural mechanism underlying the pattern of results observed here involves 

activation of the locus coeruleus-norepinephrine (LC-NE) system, which previous work suggests 

may be modulated by tVNS. In support of this, tVNS has been shown to increase salivary alpha-

amylase release (Giraudier et al., 2022), increase pupil diameter (Desbeaumes Jodoin et al., 

2015), and augment the amplitude of the P3 event-related potential component (De Taeye et al., 



216 

 

2014), all of which have been interpreted as indirect markers of LC-NE activity. It has been 

suggested that LC-NE activation may in turn influence behaviour, perhaps by altering activity in 

regions such as the basal ganglia (Monti et al., 2025), and/or through norepinephrine-mediated 

gain control, increasing the signal-to-noise ratio of sensory inputs and potentially improving the 

efficiency of psychomotor processing (Aston-Jones & Cohen, 2005; Devilbiss, 2019; Pihlaja et 

al., 2020; Su et al., 2025). More broadly, LC-NE activity is thought to support vigilance, arousal, 

and wakefulness (Foote & Berridge, 2019; Grant et al., 1988; Samuels & Szabadi, 2008). Thus, 

while speculative, the current pattern of findings (i.e., reduced fatigue-related sensations, altered 

HRV responses, and relatively preserved motor performance with active stimulation) may be 

broadly consistent with LC-NE involvement. Notably, a similar interpretation has been proposed 

in the context of sleep deprivation, where tVNS was associated with reduced cognitive and 

subjective effects of fatigue (McIntire et al., 2021).  

Importantly, the present findings also support feasibility and tolerability of auricular 

tVNS over a 60-minute period. Side-effect ratings remained low in both active and sham 

stimulation conditions, with average ratings not exceeding 2/10 for any reported side-effect. 

Side-effect profiles were similar between sham and active conditions, no adverse events 

occurred, and all participants completed the full hour-long stimulation protocol. These 

observations are consistent with previous reports describing auricular tVNS as a safe, well-

tolerated neuromodulation technique (Giraudier et al., 2025; A. Y. Kim et al., 2022; Redgrave et 

al., 2018).  

Several limitations of this work should be acknowledged. First, this was a small pilot 

study and was likely underpowered to detect subtle effects across outcome measures. As such, 

several findings are exploratory and should be interpreted cautiously until replicated in larger 
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samples. Second, the present study examined only one auricular tVNS configuration and set of 

stimulation parameters. Considerable variability exists across the tVNS literature with respect to 

stimulation site, parameters, and duration, and different approaches may produce different 

physiological and behavioural effects. Future work may benefit from direct comparisons of 

stimulation techniques for cognitive fatigue mitigation, including both auricular and cervical 

tVNS approaches. Third, the mechanisms underlying tVNS effects were not directly assessed 

and therefore remain speculative. Future studies may benefit from incorporating more direct 

neurophysiological measures of LC-NE activity (e.g., ERP or fMRI) alongside subjective, 

behavioural, and cardiovascular outcomes, to observe the role of this system. Finally, inclusion 

of more cognitively complex psychomotor tasks, such as choice RT and go/no-go RT paradigms, 

may help to further clarify the scope of tVNS effects in cognitive fatigue.  

6.8 Conclusion 

To summarize, the present pilot study provides preliminary evidence that auricular tVNS 

may help attenuate some of the subjective, psychomotor, and autonomic effects of cognitive 

fatigue. Although many of the observed effects were modest and require replication with larger 

samples, active tVNS was associated with a general pattern of preserved or improved 

psychomotor performance, reduced subjective fatigue-related sensations, and opposing HRV 

responses relative to sham stimulation following prolonged, fatiguing cognitive effort. As a 

whole, these findings support continued investigation of tVNS as a potential non-invasive, well-

tolerated tool for mitigating cognitive fatigue-related declines in psychomotor performance, 

while also highlighting the need for future work clarifying the neurophysiological mechanisms 

underlying these effects.  
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Chapter 7. General Discussion 

7.1 Summary 

Cognitive fatigue (CF), or mental fatigue, is a commonly experienced, transient psychobiological 

state of perceived exhaustion that occurs with sustained mental effort (Ackerman, 2011; Behrens 

et al., 2023; Van Cutsem et al., 2017). Although interest in understanding cognitive fatigue dates 

to the late 1800’s (Ackerman, 2011), it is particularly relevant in the modern technological 

environment. Activities ranging from smartphone use and video games to virtual meetings, VR 

and extended computer-based work can contribute to CF (Brazaitis & Satas, 2023; Fortes et al., 

2023; Jong et al., 2020; Riedl et al., 2023; Souchet et al., 2023; Yasin et al., 2023). Cognitive 

fatigue is also a common consequence of work in many demanding professions, including 

healthcare, construction, and transportation (Adachi et al., 2024; Barker & Nussbaum, 2011; 

Meng et al., 2015; Petrut et al., 2020; Zong et al., 2024).  

While CF is common, it is not benign. Its negative impacts on productivity (Biondi et al., 

2021; Ricci et al., 2007) and safety (Díaz-García et al., 2026; Pitts & Bhatt, 2023) are well 

documented. Among other effects, CF has been associated with riskier decision-making and 

impaired hazard responses in construction (J. Li et al., 2019; Zhang et al., 2023), an increased 

likelihood of medical errors (Chan et al., 2009; Rahmani et al., 2025; Thomas et al., 2012), 

elevated injury risk in sport (Fazackerley et al., 2025; Wirdnam et al., 2024), and increased road 

accident risk (Minusa et al., 2021; Mizuno et al., 2020), with fatigue thought to contribute to 15-

20% of serious road crashes annually (van Schagen, 2021).  

Despite its prevalence and practical importance, our understanding of how CF affects 

human performance remains incomplete. To partially address this, this thesis aimed to explore 

the effects of CF on psychomotor performance – an area particularly relevant to many of the 
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risks outlined above. Specifically, this thesis used psychomotor reaction time (RT) to index CF-

related psychomotor performance deficits. It is well documented that CF impairs RT 

performance (e.g., Habay et al., 2021; Jaydarifard et al., 2019; Langner et al., 2010; Staiano et 

al., 2024), and RT tasks such as the psychomotor vigilance task (PVT) are frequently used to 

assess and monitor CF in both experimental and applied (workplace) settings (Staiano et al., 

2024; Talebi et al., 2026; Weetman et al., 2024). However, RT is not necessarily a unitary 

process. From an information processing perspective, RT reflects the combined contribution of 

several sub-processes that could be impacted by CF (Donders, 1969; Spijkers & Walter, 1985; 

Taylor, 1976). This includes detection of the imperative stimulus, selection of an appropriate 

motor response, preparation of that response, and response initiation (Czyż, 2021; Schmidt et al., 

2019). Depending on the task, varying degrees of response inhibition may also be required, e.g., 

to withhold a prepared response until an imperative stimulus occurs and/or to suppress 

competing response options (Czyż, 2021; Schmidt et al., 2019).   

Although CF has frequently been associated with slower RT, its effect on these individual 

psychomotor processes has not been well characterized. A clearer understanding of which 

processes are affected may help explain how CF contributes to real-world performance failures 

and may be informative for assessing and managing CF-related risk.  

On a related note, there is limited evidence about effective methods for counteracting the 

psychomotor effects of CF. While a variety of interventions have been suggested, many are 

impractical for use in occupational settings. For instance, truck drivers or air traffic controllers 

are likely unable to pause their work during a shift in order to meditate or spend time in nature 

(Sun et al., 2024). Other approaches to mitigating CF rely on ingestion of stimulants or 

supplements, which may not be a viable or preferred option for many individuals (Proost et al., 
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2022). Consequently, practical and accessible approaches to reduce CF-related performance 

impairments are lacking.  

This thesis aimed to address these knowledge gaps. First, we sought to better understand 

the psychomotor effects of CF by examining its impact on the individual processes that could 

contribute to slowed RT performance (Experiments 1-4). Second, we investigated whether a non-

invasive and accessible intervention, transcutaneous vagus nerve stimulation (tVNS), could 

attenuate the effects of CF on subjective fatigue sensations and psychomotor performance 

(Experiment 5).   

The following sections elaborate on the insights gained from this thesis regarding the 

psychomotor impacts of CF, as well as implications for the assessment and mitigation of fatigue-

related performance decrements and the overall limitations of this work. Suggested directions for 

future research needed to address remaining questions are also integrated throughout this 

discussion.  

7.2 Psychomotor Impacts of Cognitive Fatigue: Current Insights and Future Directions 

7.2.1 Response Selection & Inhibition 

It has previously been suggested that cognitive fatigue (CF) may have preferential impacts on 

executive (or “top-down”) forms of central processing (Boksem et al., 2005; Lorist & Faber, 

2011; van der Linden, Frese, & Meijman, 2003). Effortful control models of CF propose that 

prolonged engagement in high‑demand cognitive tasks weakens connectivity within control 

networks or leads to metabolic changes that reduce capacity for top-down regulation of 

performance (André et al., 2019; Pessiglione et al., 2025; Wiehler et al., 2022). Consistent with 

this view, several executive processes have been shown to be sensitive to CF, such as cognitive 

flexibility (Lorist et al., 2000; Plukaard et al., 2015; van der Linden, Frese, & Sonnentag, 2003), 
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complex planning (van der Linden, Frese, & Meijman, 2003), and value-based decision-making 

(Blain et al., 2016; Jia et al., 2022; Wiehler et al., 2022). It is logical then, that in the context of 

psychomotor (RT) performance, more “executively-driven” processes reliant on cognitive 

control regions such as response inhibition (e.g., as required in go/no-go RT tasks) and response 

selection (e.g., as required in choice RT tasks) may be particularly vulnerable to CF. This 

possibility is supported by the fact that both of these psychomotor processes rely on activity in 

cognitive control regions (Marek & Dosenbach, 2018). For example, the dorsolateral prefrontal 

and ventrolateral cortices are thought to contribute to response inhibition (Hung et al., 2018; 

Liddle et al., 2001; Marek & Dosenbach, 2018), while response selection has been linked to the 

dorsolateral prefrontal cortex (Nathaniel-James & Frith, 2002) and parietal regions (Bunge et al., 

2002; Schumacher & D’Esposito, 2002). Further, the anterior cingulate cortex likely contributes 

to error monitoring in both psychomotor processes (Hung et al., 2018; Liddle et al., 2001; 

Schumacher & D’Esposito, 2002).  

However, despite these neural overlaps and previous reports suggesting that CF 

negatively impacts inhibitory control (Z. Guo et al., 2018; Kato et al., 2009), the current findings 

provide little support for any substantial effect of CF on response inhibition. In Experiment 3, 

go/no-go RT was not significantly slowed relative to the control condition following two of the 

three cognitively fatiguing interventions, and go/no-go RT task accuracy was broadly unaffected. 

Similarly, Experiment 4 found no evidence that CF altered pre-movement suppression of 

corticospinal excitability prior to the go-signal. This transient reduction in corticospinal 

excitability is generally thought to reflect inhibitory influences within the motor system (Duque 

et al., 2017). If CF had specific impacts on inhibitory processing, we expected to observe distinct 

CF-related reductions in premovement suppression (i.e., such that corticospinal excitability 
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increasingly diverged from the control condition as the go-signal approached). Instead, although 

corticospinal excitability was elevated overall in CF relative to control, this difference was 

consistent throughout preparation, providing no evidence for inhibition-specific effects of CF.  

Somewhat contrarily, we did observe increased anticipatory responding following the CF 

intervention in Experiment 5, suggesting a reduction in the ability to withhold a prepared 

response. However, because this pilot study lacked a non-fatigue control condition (and was 

designed primarily to explore a CF intervention), this provides only limited evidence that CF 

may influence inhibitory control. 

The overall lack of evidence for CF-related inhibitory deficits in this thesis is more 

consistent with sparse research reporting a null effect of prolonged cognitive work on go/no-go 

RT or accuracy (Falkenstein et al., 2002; Magnuson et al., 2021) than with more common reports 

of impaired inhibitory task performance in CF (Z. Guo et al., 2018; Habay et al., 2026; Kato et 

al., 2009). The reason for this general discrepancy within the literature is unclear; however, an 

important consideration that is that the go/no-no paradigm used in this thesis may not have been 

adequately sensitive to detect more subtle changes in inhibitory control. Instead, a more direct 

approach for examining this possibility could employ short-interval intracortical inhibition 

(SICI). SICI is a TMS-derived measure of inhibitory activity within M1, inferred from the 

reduction in motor evoked potential amplitude when a suprathreshold test pulse is preceded ~2-5 

ms earlier by a subthreshold conditioning pulse (Rothwell et al., 2009). Some previous work has 

shown increased SICI following no-go stimuli and decreased SICI following go-stimuli in 

agonist muscles (Sohn et al., 2002). Assessing SICI in a similar fashion following CF and control 

interventions may therefore provide a different, perhaps more direct, way to examine inhibitory 

psychomotor control in CF.  
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In contrast, the findings of this thesis provide somewhat stronger evidence for response 

selection impairment in CF. In Experiment 3, choice RT exhibited a larger average increase 

across CF tasks relative to control (+21.59 ms) than simple RT (+9.36 ms) – although notably 

this difference did not reach statistical significance, and absolute changes (i.e., not relative to 

control) were very similar (simple RT: +22.3 ms, choice RT = +19.5 ms). Regardless, this pattern 

could suggest a contribution of response selection demands to CF-related RT slowing. This 

would align with previous reports demonstrating CF-related impairments in response selection 

within a 4-choice RT paradigm (Xiao et al., 2015) and sport-based decision-making tasks (Fortes 

et al., 2025; Smith et al., 2016). 

However, it is important to note that the effects of CF on response selection were not 

uniform. The magnitude of choice RT slowing depended on the nature of the preceding cognitive 

work, as did response strategy (i.e., the Stroop intervention in particular led to slower choice RT 

alongside a tendency to prioritize accuracy). This pattern suggests “task-specific” effects of CF 

on response selection, potentially reflecting overlap in the cognitive demands of the Stroop and 

choice RT tasks (Behrens et al., 2023; Persson et al., 2007). For example, conflict monitoring 

demands of the Stroop task may have significantly taxed the anterior cingulate cortex (a 

cognitive control region implicated in the “facilitation system”; Ishii et al., 2014), reducing its 

capacity to support conflict monitoring in the subsequent choice RT task. In contrast, the smallest 

change in choice RT relative to control occurred following the Math-Memory task, which also 

produced less motivational decline than other CF interventions tested. This raises the possibility 

that response selection may be more sensitive to demotivation than to CF per se, an idea that has 

also been suggested in previous work examining prolonged Simon task performance (Möckel et 

al., 2015). Generally, further research is evidently needed to refine our understanding of the 
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effects of CF on response selection, perhaps by employing paradigms that systematically 

manipulate response selection demands. For instance, a Hick’s Law paradigm comparing 2-, 4-, 

and 8-choice RT task performance following CF and control interventions could determine 

whether CF alters the relationship between the number of stimulus-response alternatives (i.e., 

response selection demand) and decision time (Hick, 1952).  

To summarise, we observed little evidence for CF-related impairments of response 

inhibition but showed that response selection may be more sensitive to CF, in a relatively 

complex task-specific manner. Thus, while there may be some preferential impact of CF on the 

more “executive” aspects of psychomotor processing, the continued sensitivity of simple RT 

(which is thought to demand comparably less response selection and inhibition compared to 

go/no-go and choice paradigms) indicates that additional psychomotor processes beyond 

response selection and inhibition must be impacted by cognitive fatigue.  

7.2.2 Visual Perceptual Processing 

An alternative explanation for psychomotor performance impairments in CF could be related to 

the time required to detect and process task-relevant stimuli. However, findings from Experiment 

2 suggested that the overall speed of perceptual processing was not affected by CF, as indexed by 

a visual inspection time (IT) task. While simple RT was slowed, no CF-related change in IT task 

performance (i.e., the minimum exposure duration required for accurate visual discrimination; 

Vickers & Smith, 1986) was observed. This result appears to be somewhat at odds with 

electrophysiological recordings showing reduced amplitude of early sensory ERPs in CF (e.g., 

Boksem et al., 2005; Faber et al., 2012). However as noted previously (Chapter 3.7), these ERPs 

may more closely reflect the requirement of orienting to, rather than discriminating, task-relevant 

stimuli, which was not an explicit requirement of the IT nor the RT tasks used in this Experiment 
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(as in both cases, stimuli remained stationary within the central visual field; Neuhaus et al., 

2010). While an alternative possibility is that CF influences perceptual processing in other 

sensory modalities (e.g., tactile, auditory), the fact that we repeatedly observed RT slowing in 

response to visually presented stimuli suggests that this is unlikely to account for CF-related 

performance decrements.  

Notably, the IT task primarily requires recognition of the “pi” figure without a motor 

response contribution and is therefore considered to rely predominantly on ventral stream 

processing (object/stimulus identification and recognition), rather than dorsal stream processing 

(spatial processing and action guidance; Tachibana et al., 2014; Ungerleider & Haxby, 1994). 

Considering this, a useful extension of the current work would be to examine whether CF 

differentially affects visuomotor processing systems involved in action guidance. This possibility 

is consistent with evidence from visuomotor rotation tasks, where increasing CF was associated 

with reduced explicit, but not implicit, adaptation, indicating that CF may preferentially impair 

more conscious, strategic aspects of visuomotor control, rather than more automatic 

sensorimotor recalibration (Apreutesei & Cressman, 2024; David Milner, 2015; Peters & 

Cressman, 2026). Although the RT tasks used in this thesis may be more strongly ventral in 

nature due to their limited spatial demands, more real-world RT behaviours, like reaching to 

intercept a falling object, should place greater demands on dorsal stream processing (Montare, 

2016). Accordingly, employing paradigms that more directly isolate visuomotor transformations 

(e.g., pro-point/anti-point tasks; Cameron et al., 2013; Pisella et al., 2000) may be a particularly 

informative next step in elucidating how CF impacts perceptual-motor processing, and in turn RT 

performance.  
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7.2.3 Response Preparation  

Another possibility we addressed is that CF may influence movement preparation, or the process 

by which the sensorimotor system is configured into an appropriate initial state for voluntary 

movement, such that rapid and accurate execution can occur when a response is triggered 

(Carlsen et al., 2012; Wong et al., 2015). This was examined in Experiments 1 and 4, which 

assessed motor preparation during an RT task using two complementary approaches. 

In Experiment 1, a StartReact paradigm was used to probe the level of motor preparation 

at the time of the go-signal (i.e., while the system is holding a prepared but not yet initiated state; 

Carlsen et al., 2012). Although CF was successfully induced, indicated by increased subjective 

fatigue, and RT was slowed, the StartReact effect (both proportion of elicited trials and effect 

magnitude) was not measurably altered by CF. However, two methodological considerations may 

have limited sensitivity of the StartReact metric to CF-related changes in preparation. First, the 

startling stimulus itself may have counteracted CF effects, for example by raising arousal or 

sympathetic activity, which are typically reduced under CF (Boksem et al., 2005; Csathó et al., 

2024). Second, StartReact responses are thought to be mediated primarily by activation of 

subcortical reticulospinal pathways (Carlsen & Maslovat, 2019, 2026; Tapia et al., 2022). If CF 

more strongly affects corticospinal mechanisms involved in voluntary motor preparation, this 

discrepancy could explain the apparent insensitivity of the StartReact effect to CF.  

To address this, Experiment 4 examined the effects of CF on movement preparation in a 

different way, by assessing corticospinal excitability during the preparatory period of a simple 

RT task using transcranial magnetic stimulation (TMS; Bestmann & Duque, 2016; Hallett, 2007). 

Contrary to our expectations, results suggested that corticospinal excitability was not reduced in 

CF and, in some cases, may have been elevated relative to the control condition. This result was 
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observed throughout the preparatory period and at rest and thus may reflect a general 

compensatory elevation of neural drive to counteract fatigue-related performance strain. In the 

context of Ishii’s (2014) dual-regulation hypothesis, this could be conceptualized as greater 

activation of the mental facilitation system to counteract CF-related elevation of inhibition 

system activity. 

Taken together, findings from Experiments 1 and 4 suggest that movement preparation, at 

least within a simple RT task, is preserved under CF and thus is unlikely to meaningfully 

contribute to CF-related psychomotor impairments, including slowed RT. Intact or compensatory 

neural activity in CF has been reported in other contexts, such as preserved contingent negative 

variation (CNV; an EEG index of preparatory activity; Schouppe et al., 2020), increased 

functional connectivity between frontal, central, and parietal regions in a dart throwing task (Niu 

et al., 2024), as well as altered frontal-temporal-occipital connectivity in driving fatigue (Kong et 

al., 2015). Likewise, an absence of CF-related changes has been noted in other studies assessing 

corticospinal excitability (Holgado et al., 2023; Kowalski et al., 2022; Rozand et al., 2015), 

although these effects were not measured during active movement preparation, and no other 

study to our knowledge has shown increases in corticospinal excitability in CF relative to the 

control condition.  

At present, it remains unclear why movement preparation appears resistant to CF. One 

speculative explanation is that CF may more strongly affect the updating of central movement 

representations rather than the maintenance of an already prepared state or may bias control 

toward more predictive rather than reactive strategies. Although direct findings in favor of these 

possibilities are limited, some support does exist. First, this explanation aligns with theoretical 

views proposing that CF reflects metabolic alterations in cognitive control networks, leading to a 
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shift toward lower-effort, more automatic actions (Pessiglione et al., 2025). In accordance, CF 

did not affect automatic responding in a Simon task, but did impair the ability to inhibit or adjust 

the automatic response set when task demands changed (Salomone et al., 2021). Similarly, in a 

force-matching motor learning paradigm, cognitively fatigued participants were more likely to 

rely on previously established response mappings (i.e., forces matching those learned in the 

acquisition phase) during transfer tests, rather than updating to new force requirements 

(Khojasteh Moghani et al., 2021).  

This idea that CF affects updating more than maintenance could be further tested using 

task-switching paradigms such as a low-probability switch paradigm  (i.e., a choice RT task 

where participants are typically cued to make one response, and rarely cued to make a different 

response; Huettel & McCarthy, 2004) or a design with varied pre-cue reliability (i.e., a choice RT 

task where required responses are mostly reliably pre-cued, but sometimes an unreliable pre-cue 

is presented; Tzagarakis et al., 2021). In both these paradigms, participants establish a dominant 

prepared response state that is required on the majority of trials, with occasional low-probability 

trials requiring a revision of the current motor plan (Tzagarakis et al., 2021). If cognitive fatigue 

primarily affects updating rather than maintenance of central movement representations, CF-

related impairments (e.g., disproportionate RT or accuracy costs) would be expected to emerge 

primarily on low-probability or invalidly cued trials, while performance on high-probability or 

validly cued responses would remain preserved in comparison.   

Overall while the present thesis does not support a primary role for impaired motor 

preparation in CF, and in fact suggests potential compensatory preparatory activity, additional 

experimentation exploring the nuances of response updating versus maintenance may provide 

further insight into preparatory dynamics under CF.   
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7.2.4 Attention & Motivation 

Although not directly assessed in this thesis (e.g., via eye-tracking or a dedicated attentional 

control tasks like a Flanker paradigm), changes in attention may certainly contribute to negative 

psychomotor performance outcomes in CF. Previous work using event-related potential (ERP) 

and behavioural measures has shown that CF can reduce goal-direction attention and increase 

susceptibility to distraction by irrelevant stimuli (Boksem et al., 2005; Faber et al., 2012). While 

we attempted to minimize environmental distractions in laboratory-based experiments 

(Experiments 1, 4, and 5), and participants were instructed to ensure the same in remotely 

administered experiments (Experiments 2 and 3), the potential influence of uncontrolled 

distractors cannot be excluded, particularly in remote testing.  

However, Experiment 2 provides some indirect evidence that points against attention as a 

central driver of CF effects. In this remote experiment, participants completed both an RT task 

and an IT task before and after CF manipulation. Reaction time was slowed following CF. If 

attentional decline or increased distractibility were the primary driver of CF-related psychomotor 

deficits, a corresponding decline in IT task performance would be expected; however, this was 

not observed. Similarly, throughout the experiments, performance during the CF-inducing tasks 

often (although not always) improved over time rather than deteriorating, which is not entirely 

consistent with attentional breakdown (see Appendix D, Fig. D.2, Fig. D.4). In addition, 

relatively few response omissions (complete lapses) were observed in simple RT performance 

across experiments (e.g., 1.2% of trials in Experiment 4), further suggesting that attentional 

changes alone are unlikely to account for CF-related RT slowing in these experiments. Despite 

this, replication of experiments (such the IT task) alongside a more direct attentional measures 
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like gaze-tracking may be beneficial in the future to more concretely assess attentional 

contributions to psychomotor performance deficits in CF. 

Motivational decline has also been widely proposed as a key part of the mechanism 

underlying CF-related performance impairments, including motor outcomes (Boksem & Tops, 

2008; Herlambang et al., 2019; Martin et al., 2018). Several studies using commonly employed 

CF-inducing interventions, such as the Stroop or Time Load Dual-Back tasks, have shown 

reductions in self-reported motivation following prolonged task performance (Bach et al., 2026; 

Martin et al., 2018; Read et al., 2026). Consistent with these findings, motivational declines were 

observed following versions of both of these tasks in Experiment 3 (Chapter 4, Fig. 4.2b). In 

contrast, motivation responded differently to our self-designed Math-Memory intervention. This 

task was designed to incorporate key features thought to promote CF outlined by Ackerman 

(2011), including (1) sustained time-on-task; (2) high cognitive load, including dual-tasking 

(O’Keeffe et al., 2020); (3) a low tolerance for errors; (4) penalties associated with distraction; 

and (5) substantial time pressure. It was also designed, with the help of pilot feedback, to 

minimize boredom and preferentially induce “active” (effort-based) rather than “passive” 

(boredom-based) fatigue, while limiting excessive demotivation as a potential confound. Across 

experiments, this task reliably induced subjective fatigue while generally producing relatively 

stable motivation levels compared with control conditions and other CF interventions (e.g., 

Appendix A.2; Chapter 4.6.2; Chapter 5.6.1). Thus, while motivation cannot be excluded as a 

contributor to CF-related psychomotor deficits, the absence of substantial motivational declines 

due to the Math-Memory paradigm suggests that it is unlikely to be the main reason for observed 

RT slowing in this thesis.  
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7.2.5 Movement Initiation  

Cognitive fatigue may influence a remaining stage of psychomotor processing: movement 

initiation, spanning the transition from a prepared motor state to descending motor output, 

muscle activation (EMG onset), and the subsequent onset of measurable movement 

(displacement onset; Czyż, 2021; Kennefick et al., 2014; Rothwell et al., 2021). The findings 

from this thesis raise the possibility that CF could influence initiation at both the central and 

peripheral level (Fig. 7.1).  

 

Fig. 7.1 Schematic timeline of events in a simple reaction time task. Cognitive fatigue may 

influence initiation-related processes at the central level (i.e., the transition from a prepared to 

initiating state, prolonging premotor RT) and/or peripheral level (i.e., neuromuscular recruitment 

and subsequent force development, prolonging motor and displacement time). EMG = 

electromyography, Disp. = displacement, MEPa = motor-evoked potential amplitude, Prep. = 

preparation, RT = reaction time. 
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For instance, consistent with a potential influence of CF on central components of 

movement initiation, a StartReact paradigm (Experiment 1) showed that CF-related slowing of 

RT was observed for voluntary responses to low-intensity stimuli but was absent for involuntary 

startle-triggered movements. In other words, when voluntary initiation processes were bypassed, 

CF-related slowing was no longer evident. This pattern therefore suggests that CF may have 

particular effects on central release mechanisms.  

Mechanistically, this is consistent with the idea that CF could alter cortico–basal ganglia–

thalamo–cortical loop dynamics involved in action gating and the release of prepared motor 

commands (Fig. 7.2). The basal ganglia play a central role in regulating the transition from 

movement preparation to execution (Hauber, 1998; Purves et al., 2001; Young et al., 2026) and 

are also considered an important component of facilitation systems involved in sustaining 

cognitive and physical performance under CF (Ishii et al., 2014; Tanaka et al., 2014). Consistent 

with this idea, altered basal ganglia function has been associated with CF in several clinical 

populations, including individuals with chronic fatigue syndrome (Miller et al., 2014), multiple 

sclerosis (Finke et al., 2015; Langley et al., 2023), and stroke (Boukrina et al., 2026). 

Collectively, this suggests that CF may slow the release of prepared motor commands via altered 

basal ganglia-mediated action gating or initiation, potentially contributing to increased RT.  

Findings from Experiment 5 exploring tVNS as a CF intervention are also broadly 

consistent with this interpretation. Transcutaneous VNS has been shown to modulate basal 

ganglia activity (Badran et al., 2022; Monti et al., 2025; Rajiah et al., 2024), potentially through 

interactions with the LC-NE system (Benarroch, 2018). In addition, tVNS has been associated 

with improvements in CF symptoms and movement initiation deficits in Parkinson’s disease (Bu 

et al., 2026; Matsuoka et al., 2025; Sigurdsson et al., 2021), as well as enhanced cognitive and 
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motor performance in healthy individuals (Matsuoka et al., 2025). While indirect, this evidence 

suggests that enhanced basal ganglia function may support more efficient central initiation, and 

in turn underscores the potential for basal-ganglia-related initiation deficits in CF.   

Although Experiment 4 did not assess corticospinal excitability after the go-signal (i.e., at 

movement initiation), it found no evidence of CF-related alterations in the temporal pattern of 

excitability leading up to the go-signal (only the overall level of excitability was elevated; 

Chapter 5, Fig. 5.5 and Fig. 5.6). These findings of course do not exclude the possibility that CF 

influences movement initiation – but it could suggest that this may not necessarily occur through 

reductions in overall levels of initiation-related corticospinal excitability. Instead, it is possible 

that CF may influence movement initiation by altering the temporal dynamics of motor system 

activity. Movement initiation is increasingly understood not just as a simple threshold-crossing 

process, but as dependent on a coordinated spatiotemporal evolution of neural activity within M1 

and broader motor-related networks (Balasubramanian et al., 2020; Best et al., 2017; Churchland 

et al., 2012). From this perspective, CF-related changes in functional connectivity (T. Li et al., 

2024; Qi et al., 2019) and oscillatory activity (Hussain et al., 2022; Neige et al., 2023; Tomassini 

et al., 2026) could alter the timing and synchrony with which central motor neural activity 

approaches an initiation state, even if the overall magnitude of corticospinal excitability remains 

unchanged. Such alterations could contribute to slowed RT by producing a less efficient or 

temporally coordinated transition to initiation, delaying the moment at which an initiation 

threshold is reached, and/or prolonging internal process governing when a movement held in 

preparation is released, depending on the mechanistic view adopted (Alyahyay et al., 2026; Haith 

et al., 2016).  
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Cognitive fatigue may also influence movement initiation at the peripheral level; more 

specifically, CF-related changes in motor output (e.g., altered motor unit recruitment) could 

influence the initial conditions of muscle activation following EMG onset. In this scenario, early 

muscle activity may be translated into force production less efficiently, producing a small 

additional delay between EMG onset and displacement onset (Eilfort & Filli, 2025). This 

interpretation is consistent with the modest reductions in EMG amplitude we observed following 

CF in Experiment 5, which appeared to be somewhat attenuated by tVNS, and may help explain 

why displacement RT was occasionally and subtly more affected by CF than premotor RT.  

Although the mechanisms discussed above are speculative, this thesis provides a strong 

rationale for future work examining the effects of CF on central and peripheral measures of 

movement initiation. For example, TMS could be used to assess corticospinal excitability not 

only during the preparatory foreperiod (as in Experiment 4), but also immediately following the 

go-signal, allowing characterization of initiation-related corticospinal drive in CF. 

Complementary H-reflex measures could be used to quantify changes in descending motor 

output at the spinal level, while high-density EMG could provide insight into motor unit 

recruitment dynamics during movement onset. Together, these approaches would provide a more 

complete characterization of movement initiation in CF and may help identify ways in which 

CF-related psychomotor performance impairments can be targeted and mitigated.  
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Fig. 7.2 Conceptual model of potential central and peripheral initiation mechanisms underlying 

cognitive fatigue-related psychomotor performance impairment. Motor preparation involves the 

premotor cortex (PMC), pre-supplementary/supplementary motor areas (pre-SMA/SMA), and 

primary motor cortex (M1), which together contribute to establishing a prepared motor state 

(blue box). Following the go-signal in a simple reaction time task, prepared motor commands are 

released through central motor pathways involving cortico-basal ganglia-thalamo-cortical 

circuitry (purple box). They are subsequently transmitted as a descending motor command to the 

spinal motor neuron pool, resulting in muscle activation (EMG onset) and ultimately 

displacement (green box). Red boxes indicate potential loci / mechanisms through which 

cognitive fatigue may influence these processes, including altered motor-related network 

dynamics in preparation-to-initiation transitions, altered basal ganglia-mediated action gating, 

and altered translation of muscle activation into force production. D1/D2 = dopamine receptors, 

DA = dopamine, GABA = gamma-aminobutyric acid, GPe = external globus pallidus, GPi = 
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internal globus pallidus, SNc = substantia nigra pars compacta, SNr = substantia nigra pars 

reticulata, STN = subthalamic nucleus, TH = thalamus. 

7.3 Applied Insights: Researching, Screening, and Mitigating Cognitive Fatigue 

In addition to addressing the primary research question, this thesis has provided several 

noteworthy contributions to the study, assessment, and mitigation of CF. First, as previously 

described, we developed a novel Math-Memory intervention for CF induction. Participants often 

shared anecdotal reports that the task was challenging without being excessively boring or 

discouraging. Consistent with this, the Math-Memory task produced minimal motivational 

decline relative to other CF tasks (Stroop, Time Load Dual-Back) and to the control condition, 

despite being consistently rated as highly mentally fatiguing. At the same time, it typically 

produced small but reliable RT increases (with the exception of Experiment 4, where TMS may 

have also acted as a cue affecting RT performance). We also demonstrated that this task, along 

with the Stroop, Dual-Back, and documentary control tasks, can be successfully deployed 

remotely for large-scale experimentation when combined with response timestamping and 

rigorous data screening procedures. Overall, these findings suggest that the Math-Memory task 

may be an effective tool for experimentally inducing CF in future research, either laboratory-

based or remote.  

This thesis also contributes to our understanding of RT as a tool for CF monitoring / 

assessment, particularly through Experiment 3. Reaction time measures are increasingly being 

explored for fatigue monitoring to promote workplace safety (Brossoit et al., 2023; Evans et al., 

2019; Heng et al., 2024), including in construction (Raharjo et al., 2026; Zong et al., 2024), 

mining (Rogers et al., 2023), trucking (Talebi et al., 2026), healthcare (Byrne et al., 2010; 

Ferguson et al., 2020; Weetman et al., 2024), and military settings (Main et al., 2023). In fact, 
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some commercial RT-based tools are already available for workplace use, such the AlertMeter® 

Fatigue Risk Management System (Predictive Safety, 2026). At the same time, RT-based CF 

metrics are also being tested for tracking CF in clinical populations (Barrios et al., 2022; Price et 

al., 2017), and for validating other physiological or neurological CF indicators (M. Guo et al., 

2016; F. Li et al., 2022).  

The findings of this thesis show that simple RT (and in a different way, choice RT) are 

sensitive to CF after only one hour of cognitively demanding work. Simple RT exhibited small 

but consistent increases across experiments, an effect which appeared stable across different 

types of cognitive work, whereas choice RT was also sensitive to CF but was more dependent on 

the nature of the preceding mental task. Furthermore, consistent with prior work (e.g., Matsui et 

al., 2024; Walker et al., 2012), subjective fatigue increased reliably across CF conditions, but did 

not always correlate directly with RT changes, supporting the value of including both subjective 

and psychomotor performance-based measures in CF assessment.  

Overall, this thesis extends previous evidence demonstrating that remote computer-based 

RT-based metrics can be used to assess CF (Experiments 2 and 3; Arsintescu et al., 2019; Khitrov 

et al., 2014). Given that RT tasks are easily comprehended and fast and simple to administer, RT 

remains a promising tool for CF assessment and monitoring in experimental, clinical, and 

occupational contexts. Future work may wish to expand on this potential by examining RT 

sensitivity to more ecologically valid CF scenarios, including longer work durations, repeated 

cognitive demands across or within workdays, or with combined factors such as stress or sleep 

deprivation, which may amplify CF effects and associated risks. 

Finally, this thesis also provides preliminary evidence that CF effects may be mitigated 

using non-invasive neurostimulation, specifically tVNS. Although exploratory in nature, our 
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research suggests that tVNS may help attenuate CF-related changes in psychomotor (RT) 

performance, subjective fatigue, and autonomic function. From a practical perspective, tVNS is 

relatively inexpensive, simple to administer, and increasingly accessible through commercially 

available devices and TENS-based systems (Yap et al., 2020). Advantageously, unlike many CF-

mitigation strategies (e.g., meditation, exposure to nature; Sun et al., 2024) tVNS can be applied 

without interrupting ongoing task performance. It is generally very well tolerated, with 

infrequent and very mild side-effects (Kim et al., 2022; Redgrave et al., 2018). Nevertheless, 

substantially larger samples are required to determine whether tVNS reliably mitigates CF 

effects on psychomotor performance, ideally using an adequately powered, double-blind 

randomised controlled trial.  

7.4 Limitations  

There are several limitations that should be considered when interpreting this thesis. First, 

although the CF-related RT increases observed here are comparable to some previous reports 

(Langner et al., 2010; Le Mansec et al., 2019), others have reported larger RT effects (~25-40ms; 

Jaydarifard et al., 2019; Staiano et al., 2024). One likely explanation for this discrepancy is the 

impact of practice effects. Across experiments, participants completed only a brief RT 

familiarization period (i.e., 10-20 trials) prior to testing. If performance had not fully stabilized 

before the pre-test assessment, continued improvement throughout the experimental period could 

have partially counteracted CF-related slowing. This possibility is supported by several 

observations, including RT speeding across some control sessions (Experiment 1), RT speeding 

within pre-test assessments (Experiment 5; Appendix C.3.2), and reductions in preparation-

related corticospinal excitability over the control intervention in Experiment 4, which may 
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(speculatively) reflect decreasing effort demands with practice. Future studies should therefore 

consider longer familiarization periods or separate pre-experiment training sessions.  

A second potential reason relates to the Math-Memory intervention. As discussed 

previously, this task appeared to induce CF while minimizing motivational decline, whereas 

more commonly used tasks (Stroop, Dual Back) produced clearer reductions in motivation. As a 

result, larger RT increases reported in some previous studies may reflect the combined influence 

of both motivational decline and CF, rather than CF in (greater) isolation (e.g., Migliaccio et al., 

2022; Staiano et al., 2024). This same reasoning may also help explain why the stronger 

inhibitory control deficits reported elsewhere (Z. Guo et al., 2018; Habay et al., 2026; Kato et al., 

2009) were not observed here. Although suppositional, if inhibitory processes are particularly 

sensitive to motivational changes (Csathó et al., 2026), limited motivational effects of the Math-

Memory task could partially account for weaker CF-related inhibitory deficits.  

At the same time, it is likely that the Math-Memory intervention did not completely 

isolate CF effects from other influences. For example, subjective sleepiness or boredom were not 

directly assessed, somewhat limiting our ability to distinguish active, effort-related CF from 

more passive forms. In addition, CF is influenced by numerous factors including sleep, caffeine 

intake, time of day, recent physical activity, and even recent meal consumption (Ackerman, 

2011). Where possible, these were addressed via baseline comparisons and between-session 

contrasts. Baseline differences were generally minimal, and when present (e.g., Experiment 1), 

they were incorporated into the analysis and interpretation of results. In hindsight, stricter 

controls of some lifestyle factors may have reduced some variability in our data; however, overly 

restrictive controls (e.g., fixed sleep requirements or caffeine abstinence) can be difficult to 
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enforce and may reduce ecological validity by placing participants in conditions that differ from 

their typical daily routines.  

The remote delivery of Experiments 2 and 3 introduces additional limitations. Although 

participants were instructed via the LabVIEW® application to complete tasks as directed, 

minimize distractions, and avoid external aids, no technical enforcement measures (e.g., browser 

locking or visual supervision) were implemented due to platform and privacy constraints. 

Instead, adherence was carefully evaluated post hoc using strict a priori exclusion criteria. To 

accommodate greater variability in compliance inherent to remote testing, these studies also used 

large samples and mixed-effect model analyses with participant-level random intercepts, which 

are more robust to noisy and unbalanced data than traditional ANOVA approaches (Yu et al., 

2022). Nevertheless, some uncontrolled variability related to compliance and testing 

environment likely remained and should be considered when interpreting these findings.  

Additional limitations relate to parameters of the Math-Memory intervention. In 

Experiments 1 and 2, Math-Memory task difficulty was held constant within and between 

participants. Given the relatively small RT increases observed (+7.3 and +8.9 ms, respectively), 

later experiments switched to an adaptive difficulty approach based on evidence that 

individualized task demands may enhance CF induction (O’Keeffe et al., 2020; Staiano et al., 

2024). However, it remains unclear whether this adjustment was beneficial. Increases in 

subjective fatigue in response to the Math-Memory intervention remained comparable across 

experiments, suggesting similar levels of CF were induced (e.g., Appendix A.2; Chapter 4, Table 

4.2). In regards to psychomotor performance, although absolute simple RT increases were larger 

when the adaptive CF task was implemented in Experiment 3 (+21.2 ms pre- to post-Math-

Memory), additional evaluation is complicated by TMS-related effects on RT in Experiment 4 
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and the small sample size of Experiment 5. Further work is therefore needed to determine 

whether adaptive, individualized task difficulty meaningfully improves CF induction and/or 

alters psychomotor performance outcomes using the Math-Memory intervention.   

A related issue concerns the initial difficulty calibration of the adaptive Math-Memory 

task. The intervention was designed to maintain performance at ~85% accuracy, by dynamically 

adjusting stimulus presentation durations. However, the initial difficulty level may have been too 

high, resulting in early performance often well below target levels. Consequently, stimulus 

durations tended to increase over the course of the task, allowing participants to “catch up” to the 

~85% threshold (i.e., performance progressively improved over the task; Appendix D, Fig. D.2c-

f, and Fig. D.4c-f). While stable cognitive performance under increasing CF is not uncommon 

(e.g., Behrens et al., 2023; Sandry et al., 2014), this pattern made it challenging to clearly track 

the effects of CF on adaptive cognitive task performance. In hindsight, incorporating an upper 

limit on stimulus durations have been beneficial, particularly in remote experiments, to reduce 

the possibility of excessive task disengagement. However, display durations rarely reached 

extreme values (mean range: 1.24-1.40 s; see Appendix D, Table D.1, Figs. D.5 – D.7), and 

extensive data-screening procedures likely removed most cases of poor engagement.  

Several additional limitations warrant consideration. In Experiment 4, we did not 

anticipate that TMS pulses (i.e., the sound and sensation) might act as a cue influencing RT. As a 

result, we did not include no-stimulation control trials, limiting our ability to isolate CF-related 

RT effects independent of TMS influences. Also, small increases in subjective fatigue and RT 

were sometimes observed following the documentary control condition, despite it being intended 

as a low-demand baseline. Although this isn’t an uncommon observation (e.g., Daneshgar-

Pironneau et al., 2025; Jacquet et al., 2024), it may reflect a “passive” fatigue state: boredom, 
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reduced arousal, or mild sleepiness due to extended passive viewing. Interestingly, this may have 

been an inadvertent benefit, as the control condition may have helped account for passive 

fatigue-related influences. This in turn may have allowed for clearer isolation of “active” CF-

specific effects following the CF interventions. 

Finally, it is important to note that caution should be taken when extrapolating these 

findings to real-world contexts. Throughout this thesis, RT was considered from an information 

processing perspective where performance is conceptualized to arise from a series of partially 

distinct processing stages (Donders, 1969; Spijkers & Walter, 1985; Taylor, 1976). This 

framework was advantageous for systematically examining potential sources of CF-related 

slowing and for generating targeted experimental questions. However, it also represents a 

simplified view of motor behaviour. In reality, boundaries between processing stages are unlikely 

to be as distinct as they are often portrayed; rather, perceptual, cognitive, and motor processes 

likely interact continuously, with substantial overlap in time and in neural substrates 

(Dmochowski & Norcia, 2015; Haazebroek et al., 2017). Indeed, alternative theoretical 

perspectives to the information processing model argue that movement may be better understood 

as a self-organizing phenomenon emerging from interactions between the individual, the task, 

and the environment (Floegel et al., 2023; Mangalam, 2025; Turvey & Fonseca, 2009). From this 

viewpoint, CF may not actually influence a single isolated stage of processing but instead alter 

the dynamics of the perception-action system more broadly. Future work may benefit from 

exploring the effects of CF on psychomotor performance from this integrated perspective.  

Similar considerations apply to the ecological validity of the present findings. While RT 

paradigms provide a controlled way of isolating specific psychomotor demands, they represent 

only a “snapshot” of motor performance. In real-world scenarios, motor behaviour is typically 



255 

 

more dynamic, involving both reactionary and internally triggered movements that extend well 

beyond the requirements of a simple button press or wrist extension, in much more complex 

environments. Likewise, real-world CF likely also differs from controlled induction. For 

instance, studying, working, or writing a thesis may induce CF over substantially longer 

durations of continuous work, and may accumulate over successive bouts or workdays. CF is 

also likely shaped by a myriad of factors in natural scenarios, such as stress, nutrition, sleep, 

personality, incentives, and environmental demands. As a result, the effects observed here cannot 

fully the reflect the magnitude or complexity of CF encountered outside the laboratory.  

7.5 Concluding Remarks 

Psychomotor performance, including RT, is frequently impaired in CF. This thesis aimed to 

better characterize the psychomotor impacts of CF by assessing its influence on the individual 

processes contributing to RT performance, and by exploring tVNS as a potential countermeasure. 

Overall, findings suggest that visual perceptual processing speed, response inhibition, and motor 

preparation were not significantly impaired by CF, with some evidence of compensatory motor 

preparation-related neural activity. Motivational and attentional factors also appeared unlikely to 

account for CF-related changes in RT performance, although notably attention was not directly 

assessed. While some evidence of a response selection deficit was found, this could not fully 

explain CF-related increases in simple RT, which places minimal demand on response selection. 

Taken together, these results instead point toward a response initiation-related mechanism, 

motivating further research into this possibility. Finally, preliminary evidence suggests that tVNS 

may attenuate CF-related changes in psychomotor RT, subjective fatigue, and autonomic 

function, supporting more in-depth investigation of its therapeutic potential and underlying 

mechanism.  
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Given the prevalence of cognitive fatigue, its associated productivity costs, and the 

significant health and safety risks it poses, improving our understanding of how CF influences 

psychomotor performance and how these effects can be mitigated is an important objective. The 

present findings contribute to this objective by refining our understanding of how CF influences 

different psychomotor processing stages and by identifying tVNS as a promising countermeasure 

worthy of further investigation.  
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Appendix A. Supplementary Material for Chapter 2 

A.1 Supplementary Reaction Time Analysis  

A.1.1 Analysis 

Reaction time (RT) analyses were repeated as outlined in the manuscript (Chapter 2, Section: 

2.6.3) with an expanded outlier removal cut-off of 3 SD from the mean RT within each session 

[cognitive fatigue (CF) and non-fatiguing (NF)] and testing time [pre-test and post-test] and 

again with no outliers removed. 

A.1.2 Results 

Expanded Outlier Removal Criterion: RT analysis indicated significant main effects of 

stimulus (F(1, 2147) = 263.77, p < .001) and session type (F(1,17) = 5.04, p = .038), which were 

superseded by a significant stimulus x session type x time interaction (F(1,2140) = 4.23, p = 

.040). As expected, SAS trial RT was significantly shorter than control trial RT in all cases (p < 

.001). Control RT significantly increased from pre- to post-test in the CF session (mean 

difference = +9.40 ms, p = .004) but did not significantly change over the NF session (mean 

difference = -6.60 ms, p = .131). No significant changes in SAS trial RT from pre- to post-test 

were observed in the CF session (mean difference = +0.40 ms, p > .999) nor in the NF session 

(mean difference = +2.20 ms, p > .999). Between-session comparisons demonstrated 

significantly shorter pre-test control RT in the CF session as compared to the NF session (mean 

difference = -19.80 ms, p = .023). No other significant between-session comparisons were 

apparent.  

Note that the significant differences reported here are the same as those reported in the 

manuscript (where outlier removal employed a criterion of 2 SD from the mean RT), with the 

exception of control trial RT between pre- and post-test in the NF session. While the results in 
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the main manuscript report this change as significant, the expanded outlier analysis performed 

here resulted in a non-significant difference (p = .131).  

Without Outlier Removal: RT analysis of data without outlier removal indicated a 

significant main effect of stimulus (F(1, 2173) = 182.63, p < .001) as well as a marginally 

significant stimulus x session type x time interaction (F(1,2173) = 3.91, p = .048). Again, SAS 

trial RT was significantly shorter than control trial RT in all cases (p < .001). Control RT 

decreased significantly from pre- to post- test in the NF session (mean difference = -10.0 ms, p = 

.037), and increased, albeit non-significantly from pre- to post-test in the CF session (mean 

difference = +9.3 ms, p = .061). No significant changes in SAS trial RT from pre- to post-test 

were observed in the CF session (mean difference = +0.1 ms, p > .999) nor in the NF session 

(mean difference = +2.9 ms, p > .999). No other significant comparisons were apparent.   

Note that the results presented above were similar to those presented in the manuscript 

but differed in that control RT increases from pre- to post-test in the CF session were not 

significant in the above analysis. As outliers were not removed in this data set, we note that this 

could simply be due to the inclusion of potentially non-representative RT values, such as very 

slow RTs, which may result from failure to perform the task as instructed or from outside 

distraction.  

To verify that a control RT increase in the CF session did exist, despite the inclusion of 

potentially non-representative RT trials, control and SAS RT data without outliers removed was 

subsequently re-analysed in isolation, with control RT representing a confirmation of previously 

documented increases in simple RT in response to CF (a manipulation check), and SAS RT used 

as an indicator of preparatory changes (the result of interest) [model = SAS RT or Control RT ~ 

Session*Time + (1 | Participant)]. Analysis of control trial RT demonstrated a significant session 
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type x time interaction (F(1,1775) = 13.93, p < .001). Control RT increased significantly from 

pre- to post- test in the CF session (p = .042) and decreased significantly from pre- to post-test in 

the NF session (p = .027). Between session comparisons indicated significantly faster control RT 

in the CF session pre-test as compared to the NF session pre-test (mean difference = -20 ms, p = 

.038). Analysis of SAS trial RT indicated only a main effect of session (F(1, 6.11) = 8.57, p = 

.026), with faster SAS RT observed in the CF session (mean difference = -7.4 ms).  

Note that the preceding analysis demonstrated very similar results to those presented in 

the manuscript, differing in that the above analysis demonstrated significantly faster SAS RT 

overall in the CF session.  

A.2 Supplementary Analysis of Individual Subjective Cognitive Fatigue Measures 

A.2.1 Methods 

Subjective cognitive fatigue levels were assessed using four 10-point measures, each on a 

separate 200 mm visual analog scale (VAS), delivered before and after the non-fatiguing (NF) 

and cognitive fatigue (CF) tasks. These measures included energy level (0-energetic, 10-

unenergetic), stress level (0-relaxed, 10-tense), ability to concentrate (0-able to concentrate, 10-

unable to concentrate), and motivation (0-motivated to succeed in the task, 10-unmotivated to 

succeed in the task).  

A.2.2 Analysis 

Responses to each metric were assessed with individual linear mixed effects models in R (Bates 

et al., 2015; R Core Team, 2021). Each model included the fixed effect interaction of testing 

session (NF, CF) and time (pre-test, post-test), with random intercepts specified for the effect of 

participant. These models took the following form: model = Subjective CF Measure ~ 

Session*Time + (1 | Participant).  
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The significance of fixed effects was explored using analysis of variance (ANOVA) of 

each model, with F-tests and p-values using Satterthwaite's method for denominator degrees-of-

freedom and F-statistic, applied using the lmerTest package (Kuznetsova et al., 2017). In all 

cases, differences with a probability of less than .05 or less were considered significant. Post hoc 

contrasts with Bonferroni corrections, estimated marginal means, and 95% confidence intervals 

for each measure were also assessed (Lenth et al., 2021).  

A.2.3 Results 

Results are summarized in Fig. A.1. For the subjective CF measure of energy level (0-energetic, 

10-unenergetic), analyses demonstrated a significant main effect of session (F(1, 57) = 5.21, p = 

.026) and testing time (F(1, 57) = 53.68, p < .001), but no significant interaction (F(1, 57) = 2.22, 

p = .142). An overall higher score (i.e., less energetic) was observed in the CF session compared 

to the NF session (mean difference score = 0.81), and in the post-tests compared to the pre-tests 

(mean difference score = 2.60).  

For the subjective CF measure of stress level (0-relaxed, 10-tense), analyses 

demonstrated a significant main effect of session (F(1, 57) = 16.23, p < .001), which was 

superseded by a significant interaction between testing time and session (F(1, 57) = 6.99, p = 

.011). Post hoc contrasts of the interaction effect demonstrated a significantly higher level of 

stress reported in the CF session post-test as compared to the NF session post-test (mean 

difference score = 2.35, p < .001), with no other significant contrasts.  

For the subjective CF measure of ability to concentrate (0-able to concentrate, 10-unable 

to concentrate), analyses demonstrated a significant main effect of session (F(1, 57) = 17.09, p < 

.001) and testing time (F(1, 57) = 59.19, p < .001), as well as a significant interaction between 

time and session (F(1, 57) = 16.36, p < .001). Post hoc contrasts of the interaction effect 
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demonstrated a significantly higher score (i.e., less able to concentrate) in the CF session post-

test as compared to the CF session pre-test (mean difference score = 3.46, p < .001). A 

significantly higher score was also observed in the CF session post-test compared to the NF 

session post-test (mean difference score = 2.41, p < .001).  

For the subjective CF measure of motivation (0-motivated to succeed in the task, 10-

unmotivated to succeed in the task), analyses demonstrated a significant main effect of session 

(F(1, 57) = 12.71, p < .001) and testing time (F(1, 57) = 18.92, p < .001), but no significant 

interaction (F(1, 57) = 0.070, p = .793). An overall higher score (i.e., less motivated to succeed in 

the task) was observed in the CF session as compared to the NF session (mean difference = .03), 

and in the post-tests compared to the pre-tests (mean difference score = 1.25).  
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Fig. A.1 Scores for individual subjective cognitive fatigue measures. Mean scores are shown as a 

function of session (CF = cognitive fatigue, NF = non-fatiguing) and time (pre-test, post-test). (a) 

Energy level score (0-energetic, 10-unenergetic); (b) stress level score (0-relaxed, 10-tense); (c) 

ability to concentrate score (0-able to concentrate, 10-unable to concentrate); (d) motivation 

score (0-motivated to succeed in the task, 10-unmotivated to succeed in the task).  
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A.3 Supplementary Bayesian Analysis of SAS Trial Reaction Time  

A.3.1 Analysis 

This analysis determined the statistical Bayes factor (BF10) for the effect of interest; that is, SAS 

reaction time changes from pre- to post-test in both testing sessions (NF and CF). This analysis 

was completed using the BayesFactor package in R statistical software (Morey & Rouder, 2021). 

The function lmBF was used to compute the Bayes factor (against the intercept only model) for 

the full model [full model = RT ~ time + subject, whichRandom = ‘subject’] and for the null 

model [null model = RT ~ subject, whichRandom = ‘subject’]. BF10 was then determined by 

calculating the ratio of the full model (with the effect of time) over the null model (without the 

effect of time). In this case BF10 is the Bayes factor giving the evidence for the alternative 

hypothesis (SAS RT is different between pre- and post-test) over the null hypothesis (SAS RT is 

not different between pre- and post-test).  

A.3.2 Results 

The Bayes factor statistics obtained in analysis of both sessions (BF10 = 0.119 ±1.24%) indicates 

that “substantial evidence” exists in favour of the null hypothesis (i.e., SAS RT does not vary 

from pre- to post-test in either session) (Wetzels et al., 2011). 
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Appendix B. Supplementary Material for Chapter 4 

B.1 Supplementary Methods 

Data collection was completed from March through October 2024. Among the 402 participants 

who were included in the final analysis, 270 reported being assigned female at birth (mean age = 

21.1 years, ±5.5 years), and 132 reported being assigned male at birth (mean age = 21.2 years, 

±5.4 years).  

Data collection software was compatible with Windows, MacOS, and Linux platforms, 

and was available in French or English. After the eligibility screen and demographic/lifestyle 

questionnaire, general task instructions were delivered. These instructions stipulated that the 

study would require approximately 1.5 hours to complete and emphasized that participants 

should ensure they have ample uninterrupted time to complete the entire session, without any 

pauses or breaks. Participants were also instructed to minimize outside distractions (e.g., find a 

quiet place to complete the study, silence devices/TV/radio), and to avoid using mental aids to 

help them complete any aspect of the study (e.g., calculator, pen and paper, etc.). Instructions 

further outlined that participants should not attempt the study at that time (but could return at a 

later time) if they had consumed alcohol or recreational drugs in the previous six hours. Upon 

completion of the study, participants were prompted to submit their data by selecting a “send” 

button before exiting the application, which triggered the data to be automatically and securely 

emailed to the researchers. 

B.1.1 Subjective Ratings 

Subjective ratings were made on horizontal linear scales with a length of 528 pixels (actual 

length would depend on screen size/resolution). In addition to the two rating scales described 

within the manuscript (cognitive fatigue level, motivation level), two additional scales were 
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assessed: difficulty concentrating (0 = able to concentrate, 10 = unable to concentrate) and 

tension level (0 = relaxed, 10 = tense) These scales reflect subcomponents of the Fatigue 

Assessment Scale (FAS; Michielsen et al., 2003) and those used in our previous research (Peters 

et al., 2022, 2024). 

B.1.2 Reaction Time Tasks 

Reaction time stimuli circular diameter was 120 pixels. Reaction time task instructions were 

delivered visually and in writing. Error feedback was presented indicating missed, incorrect or 

anticipated response.  

B.1.3 Cognitive Interventions  

The documentary film intervention was accessed via URL and participants resumed the study 

when it was complete by selecting a “continue” button. All cognitive interventions were 

completed using the participants computer mouse and/or keyboard. As described in the 

manuscript, the cognitive tasks were adaptive, such that difficulty was individually adjusted 

throughout to maintain a response accuracy of approximately 85%, consistent with evidence that 

individualizing cognitive task difficulty may enhance mental fatigue induction (O’Keeffe et al., 

2020; Staiano et al., 2024). Task difficulty was adapted by adjusting stimulus display times and 

the time available to respond, based on rolling performance averages computed every ~4 

minutes. Details of the exact methods by which performance was assessed and difficulty was 

adapted within each task are described below. 

Math-Memory Dual Task. In this task, participants were instructed to remember the 

displayed letters in order without verbal rehearsal or note-taking. Responses for the math 

component (e.g., 6 ? 4 = 10, answer = +) were made using the computer mouse. Participants 

were encouraged to correctly complete as many math problems as possible within the trial 
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interval and were provided ongoing feedback of response accuracy (correct/incorrect indicated 

by a green check mark or red X). For the letter component, participants inputted the letters into 

blank boxes using their computer keyboard. Feedback indicating the accuracy of the letter inputs 

was provided at the end of the trial interval by the box frames turning green if the inputted letter 

was correct, or red if incorrect. Responses were considered to be errors if they were incorrect or 

if the response was not made during the response interval (the length of which was adapted 

throughout). The display/response time for math problems began at 3000 ms and for letter input 

boxes at 800 ms for the first four trials of the task. Every 4 trials (~4 minutes), accuracy was 

averaged across both task segments. If performance fell below 85%, task difficulty was 

decreased by increasing the display/response time within the math and memory segments of the 

task by 10%. Conversely, if accuracy rose above 85%, task difficulty was increased by reducing 

the display/response time by 10%. 

Modified Incongruent Stroop Task. Within this task, a single word approximately 45 

pixels in height was presented at the centre of the study window on each trial. Colour-word 

combinations were randomly selected with equal probability. Feedback regarding response time 

and accuracy (correct/incorrect) was presented on each trial. Responses were considered as 

errors if no response or an incorrect response was made during the response interval (the length 

of which was adapted throughout). The initial word display/response time was 1500 ms. Every 

48 trials (~4 minutes), mean accuracy was used to adjust difficulty for the following 48 trials of 

the task. If accuracy fell below 85%, task difficulty was decreased by increasing the 

display/response time by 10%. On the other hand, if accuracy rose above 85%, task difficulty 

was increased by reducing the display/response time by 10%.   
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Time Load Dual-Back Task. In this task, numbers and letters were presented in a 12 

pixels square black framed box on the screen for a set period of time in alternating order. The 

frame of the letter/number box turned green for correct responses and turned red for incorrect 

responses. Responses were considered to be errors if an incorrect response key was pressed or if 

no response was made during the available response interval. The initial response 

interval/stimulus display duration was 1500 ms. After 96 trials (~4 minutes), dual-task accuracy 

was averaged and used to adjust display/response times to maintain 85% accuracy. Specifically, 

if accuracy fell below 85%, task difficulty was decreased by increasing the display/response time 

of both letters and numbers by 10%. Conversely, if accuracy rose beyond 85%, task difficulty 

was increased by reducing the display/response time by 10%.  

B.2 Supplementary Data Reduction 

Due to the unsupervised nature of remote data collection, significant efforts had to be made to 

ensure all data included in analyses demonstrated clear adherence to instructions. As such, any 

data set that did not meet the following criteria was excluded (note that a single data set may fail 

to meet multiple criteria; see also Chapter 4, Table 4.1): time spent on NF task needed to fall 

between 30-90 minutes (22 data sets flagged); time spent on cognitive fatigue intervention (MM, 

DB, ST) needed to fall between 50-70 minutes (42 data sets flagged); time spent on simple, 

go/no-go and choice RT tasks needed to fall within ±2.5 SD from each mean (1 data set flagged); 

attempted number of MM, ST, or DB task trials needed to be greater than the mean minus 2.5 SD 

(19 data sets flagged); the average number of math problems attempted per trial in the MM task 

needed to be greater than the mean minus 2.5 SD (2 data sets flagged); the average number of 

letters correctly inputted per trial in the MM task needed to be greater than 1 (6 data sets 

flagged); the proportion of correct ST and DB task trials needed to be greater than 0.60 (28 data 
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sets flagged); and the total length of the session needed to be between 70-140 minutes (57 data 

sets flagged).  

Data from 402 data sets were retained for analyses following this reduction (98 data sets 

removed; 80.4% retained), including 105 data sets with the MM intervention (84% retained), 94 

with the ST intervention (75.2% retained), 84 with the DB intervention (80.8% retained), and 

119 with the NF intervention (81.5% retained).  

Overall performance accuracy within the cognitive interventions was assessed in the 

retained data sets to ensure it was not unusually high (e.g., > 99% correct) or substantially 

greater than levels typically reported in comparable tasks, which could indicate poor adherence 

to instructions (e.g., writing down letters in the MM task). ST intervention accuracy was 82.9% 

(SD = 5.3%; by-subject maximum = 89.8%), which was comparable to or lower than previous 

reports (91 - 93% correct; Toth et al., 2019; Wiley et al., 2024). DB task accuracy was also 

consistent with the literature (M = 87.4%, SD = 3.8%; by-subject maximum = 95.0%; Borragán 

et al., 2017): ~85 - 90%). Although there are fewer directly comparable values for the MM task, 

mean letter-response accuracy was 67.0% (SD = 18.0% correct; by-subject maximum = 96.2%), 

which did not approximate ceiling-level performance. Overall, this suggests no evidence of 

systematic non-adherence to instructions in order to improve performance, thus no additional 

data sets were removed.   

Reaction time task responses meeting the following criteria were removed from the main 

analysis (9.24% of all trials): RT greater than post-test mean RT plus 2 SD (considered to reflect 

a significant lapse in attention) in the simple RT task (slow = 915.4 ms, 1483 trials), go/no-go RT 

task (slow = 833.4 ms, 833 trials), and choice RT task (slow = 994.3 ms, 1203 trials); RT less 

than 100 ms (anticipatory responses) in the simple RT task (386 trials), go/no-go RT task (23 



286 

 

trials), and choice RT task (58 trials); a response on a “no-go” trial (i.e., commission error; 966 

trials) in the go/no-go RT task; or an incorrect key response in the choice RT task (2477 trials). 

B.3 Supplementary Analyses 

Each RT task type was modeled separately to avoid introducing large variance attributable to 

known baseline differences between tasks (i.e., simple RT < go/no-go RT < choice RT), allowing 

for a more precise evaluation of effects within each RT task. Note that a Poisson model was 

chosen to model RT task error counts because count variables typically exhibit non-normal 

residuals mean-variance relationships that violate assumptions of standard linear models (Aiken 

et al., 2015). The significance of model fixed-effects was assessed using Type III F-tests for 

LMMs with Satterthwaite’s approximation and Wald chi-square tests for GLMMs.  

Here (in supplementary analyses), subjective ratings of difficulty concentrating and 

tension level were analysed in the same way as the remaining subjective measures, as described 

in the manuscript and the preceding paragraph (Chapter 4.5).  

Supplementary analyses also assessed cognitive task performance across interventions, 

by modeling the likelihood of a reduction in task difficulty being implemented at any given time 

– in other words, whether the task was adaptively made easier (e.g., by increasing the time 

available to respond) on a given trial in response to the performance variable dropping below 

85%. The binary outcome variable indicated whether the task difficulty was reduced (1) or left 

the same/increased (0) and acted as a proxy for performance change. This variable was selected 

for analyses since it can be easily compared between cognitive interventions, despite differing 

task demands. To compare changes in the likelihood of a performance decline (difficulty 

reduction) across cognitive interventions, data from the ST, DB, and MM interventions were 

combined into a single data set. To normalize trial number across interventions, trial progression 
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was expressed as a percentage of task completion and binned into 5% intervals. A logistic 

GLMM was fit to the data using the glmmTMB package; this method was chosen for its 

robustness to sparse binary data, such as when several participants demonstrate only one 

response type (i.e., only 1’s or only 0’s; Brooks et al., 2017). Fixed effects included time bin, 

cognitive intervention type (DB, MM, ST), and their interaction, and participant-level random 

intercepts were also modelled. The significance of fixed effects was assessed using the Anova() 

function (package: car, Fox & Weisberg, 2019). To quantify and compare performance change 

between cognitive interventions, predicted probabilities of a difficulty reduction at the start ([0%, 

5%] bin) and end ([95%, 100%] bin) of each task were extracted using emmeans (Lenth et al., 

2021). Differences between these estimates were then compared across intervention types using 

the contrast() function along with odds ratios and 95% confidence intervals (Lenth et al., 2021). 

B.4 Supplementary Results  

B.4.1 Baseline Demographic Information 

Comparison of baseline measures obtained on the pre-experimental questionnaire revealed no 

significant differences between groups (i.e., among participants completing the MM, ST, DB, or 

NF interventions); sex assigned at birth (χ²(3) = 3.15, p = .369), age (H(3) = 1.29, p = .731), 

handedness (Fisher's Exact Test: p = .488), hours of sleep (H(3) = 3.02, p = .388), sleep quality 

rating (χ²(6) = 3.12, p = .794), hours since waking (H(3) = 2.60, p = .458), whether caffeine had 

been consumed in the prior 12 hours (χ²(3) = 0.524, p = .914), the amount of caffeine consumed 

(H(3) = 4.78, p = .189), whether a mental task had been completed since waking (χ²(3) = 4.86, p 

= .182), duration of the mental task (H(3) = 3.47, p = .325), time since the mental task (H(3) = 

6.25, p = .096), whether physical activity had been completed since waking (χ²(3) = 0.55, p = 
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.909), the duration of physical activity (H(3) = 0.42, p = .937), and the time since physical 

activity (H(3) = 7.11, p = .069). 

B.4.2 Additional Subjective Ratings: Tension & Concentration 

Subjective tension level showed significant main effects of timepoint (F(1, 398) = 200.98, p < 

.001) and intervention (F(3, 398) = 9.97, p < .001) with a significant timepoint x intervention 

interaction (F(3, 398) = 22.10, p < .001). Subjective tension level increased more from pre- to 

post-test over the MM (∆vs.NF = +2.61, 95% CI [1.57, 3.64], p < .001, da = 1.09), ST (∆vs.NF = 

+2.79, 95% CI [1.72, 3.85], p < .001, da = 1.17), and DB (∆vs.NF = +2.25, 95% CI [1.15, 3.35], 

p < .001, da = 0.94) interventions compared to NF (Fig. B.1). Similarly, subjective difficulty 

concentrating also showed significant main effects of timepoint (F(1, 398) = 239.27, p < .001) 

and intervention (F(3, 398) = 4.39, p = .005) with a significant timepoint x intervention 

interaction (F(3, 398) = 7.89, p < .001). Difficulty concentrating increased more from pre- to 

post-test over the MM (∆vs.NF = +1.38, 95% CI [0.27, 2.49], p = .004, da = 0.57), ST (∆vs.NF = 

+1.55, 95% CI [2.70, 3.60], p = .002, da = 0.64), and DB (∆vs.NF = +1.95, 95% CI [0.77, 3.13], 

p < .001, da = 0.81) interventions compared to NF (Fig. B.1). No significant differences in 

subjective tension or difficulty concentrating were observed between interventions (DB, MM, 

ST) at baseline (p > .999 in all cases).  

B.4.3 Cognitive Intervention Performance  

Task performance during the cognitive interventions as indicated by the probability of a 

reduction in task difficulty showed significant main effects of time bin (χ²(1) = 58.92, p < .001) 

and cognitive intervention (χ²(2) = 249.71, p < .001). A significant interaction between time bin 

and cognitive intervention was also observed (χ²(2) = 75.55, p < .001). Post hoc comparisons 

demonstrated significant differences between cognitive interventions in the odds of performance 
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decline (i.e., adaptive reduction in task difficulty) over time. More specifically, the odds of a 

difficulty reduction occurring increased significantly more across the DB intervention compared 

to MM (OR = 21.35, 95% CI [9.04, 50.43], p < .001) and ST (OR = 3.01, 95% CI [1.47, 6.19], p 

< .001), and across the ST intervention compared to MM (OR = 7.09, 95% CI [3.43, 14.65], p < 

.001). This indicates a steeper performance decline over time in the ST intervention compared to 

MM, and in the DB intervention compared to both MM and ST. However, it should be noted that 

the interventions varied significantly in initial performance (Fig. B.2). More specifically, follow-

up comparisons between sessions at the first time bin revealed significantly poorer starting 

performance (higher probability of a difficulty reduction) in the MM intervention compared to 

DB (OR = 92.01, 95% CI [47.52, 178.13], p < .001) and ST (OR = 21.56, 95% CI [12.30, 37.78], 

p < .001), and to a lesser degree, in ST compared to DB (OR = 4.27, 95% CI [2.45, 7.45], p < 

.001).  
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B.5 Supplementary Figures 

Fig. B.1 Model-estimated mean change in tension and difficulty concentrating. Black solid lines 

indicate mean pre- to post-intervention change in subjective rating (original scale = 0-10) of (a) 

tension and (b) difficulty concentrating. White bars show SE, dotted horizontal line indicates 

Control (NF) mean, and circular points show individual data with violin distributions. NF = 

Control, MM = Math-Memory, ST = Modified Incongruent Stroop, DB = Time Load Dual-Back. 
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Fig. B.2 Model predicted probability of an adaptive difficulty reduction (proxy for performance 

decline) in the cognitive interventions. Probability of a difficulty reduction is shown as a 

function of percentage of task completion (100% = 60 minutes) and intervention type. Difficulty 

reduction was modelled as a function of task completion bin (5% bins). Error ribbons represent 

95% confidence intervals. MM = Math-Memory, ST = Modified Incongruent Stroop, DB = Time 

Load Dual-Back. 
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Appendix C. Supplementary Material for Chapter 6 

C.1 Supplementary Methods 

C.1.1 Baseline Lifestyle Questionnaire  

Participants completed a brief questionnaire by indicating the number of hours of sleep in the 

prior 24h, the number of hours since waking, whether there was caffeine intake in the prior 12h, 

whether any mentally challenging tasks had been completed since waking, and whether any 

physical activity had been completed since waking.  

C.1.2 tVNS Side-Effect Questionnaire 

Participants completed a side-effect questionnaire using paper and pen to conclude each testing 

session. This involved rating the following possible symptoms on a discrete scale of 0-10: 

headache, dizziness, nausea, ear pain, stinging, burning, itching, pressure under the electrodes, 

and general discomfort (Badran et al., 2019; Jacobs et al., 2015).  

C.2 Supplementary Analyses 

Baseline differences in pre-questionnaire variables were assessed across testing sessions. 

Continuous baseline variables were analysed using linear mixed-effect models (package: lme4) 

(Bates et al., 2015), and categorical variables were analysed using binomial generalized linear 

mixed effects models (package: glmmTMB; McGillycuddy et al., 2025). 

Premotor and displacement RT analyses including all 4 testing blocks (2 blocks pre-

intervention, 2 blocks post-intervention) were completed in the same fashion as the 2-testing 

block analysis outlined in the manuscript (Chapter 6.5).  

Cognitive task performance was described using the number of correctly recalled letters, 

the number of correct math responses, the median math RT on each trial, and the stimulus 

display interval length (which was modified based on performance accuracy throughout the 
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cognitive task). Beta-binomial generalized linear mixed models (GLMMs; package: glmmTMB) 

were used to analyse the number of correctly inputted letters and correct math responses over 

time (McGillycuddy et al., 2025). This approach was chosen to account for evidence of greater 

trial-to-trial variability than would be expected under a standard binomial distribution. Linear 

mixed-effect models (package: lme4) were used to assess changes in median RT of math 

responses and changes is display interval length over time (Bates et al., 2015). Emtrends 

(package: emmeans) was used for post hoc comparisons of cognitive task performance slopes 

between stimulation conditions (Lenth et al., 2021).  

Stimulation side-effects (headache, dizziness, nausea, ear pain, stinging, burning, itching, 

pressure, general discomfort, and overall/composite severity) were analysed to assess both side-

effect prevalence and severity by stimulation condition. Prevalence of each side-effect was first 

analysed using binomial GLMMs (package: glmmTMB) where responses were coded as presence 

(>0) versus absence (=0) of the side-effect (McGillycuddy et al., 2025). Next, side-effect severity 

was analysed conditional on side-effect presence (i.e., only non-zero ratings were considered) 

using gaussian GLMMs, to quantify difference in side-effect intensity among those who reported 

experiencing each side-effect.  

C.3 Supplementary Results 

C.3.1 Baseline Lifestyle Measures 

Most lifestyle/demographic metrics did not significantly vary between testing sessions at 

baseline, including hours of sleep (F(1, 15) = 3.40, p = .085; MActive = 7.37h, SD = 1.47h; Msham 

= 6.43h, SD = 2.07h), hours since waking (F(1, 14) = 2.57, p = .132; MActive = 3.83h, SD = 2.09h; 

Msham = 3.07h, SD = 1.76h), and whether there was recent caffeine intake (χ²(1) = 0.00, p > .999; 

n active: 14 no, 1 yes; n sham: 1 no, 14 yes), or mental activity (χ²(1) = 1.88, p = .171; n active: 
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11 no, 4 yes; n sham: 14 no, 1 yes). The probability of recent physical activity did differ between 

testing sessions (χ²(1) = 5.38, p = .020) such that there was a slightly higher probability of recent 

physical activity prior to the testing session with sham stimulation (n active: 9 no, 6 yes; n sham: 

12 no, 3 yes). However, the difference between testing sessions assessed via estimated marginal 

probabilities was not significant (p = .807), suggesting that the overall model effect was likely 

sensitive to sparse binary data. Thus, it was concluded that the probability of physical activity 

likely did not differ meaningfully between testing sessions.  

C.3.2 Premotor and Displacement RT  

Premotor RT was not significantly influenced by the main effect of testing block when all 4 

testing blocks considered (F(3, 2560) = 1.80, p = .145) or stimulus condition (F(1, 13) = 0.70, p 

= .417). However, there was a significant interaction between testing block and stimulus 

condition (F(3, 2560) = 2.88, p = .035; Fig. C.1a). Post hoc contrasts showed that premotor RT 

did not differ significantly by block in the session with sham stimulation (all p > .999). In the 

session with active stimulation, the difference between block 2 (pre-intervention) and block 3 

(post-intervention) approached significance (Δ = -7.51 ms, 95% CI [-15.35, 0.34], p = .058). The 

difference between block 3 (post-intervention) and block 4 (post-intervention) also approached 

significance (Δ = +7.74 ms, 95% CI [-0.20, 15.67], p = .058).  

Displacement RT was not significantly affected by the main effect of testing block when 

all 4 blocks were considered (F(3, 2532) = 0.337, p = .798) or stimulus condition (F(1, 13) = 

0.099, p = .759), but there was a significant interaction between testing block and stimulus 

condition (F(3, 2532) = 2.85, p = .036; Fig. C.1b). Post hoc contrasts showed no significant 

differences between testing blocks was observed within the sham or active stimulation condition 

(all p > .325).  
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Fig. C.1 Reaction time by testing block. (a) Premotor and (b) displacement reaction time (RT, 

ms) are shown by testing block (pre-intervention = block 1-2, post-intervention = block 3-4) and 

stimulation condition (active, sham). Violin plots show the distribution of individual values, with 

points representing individual participant means. Black outlined boxes indicate model-predicted 

means with the limits showing SE. * indicates p-value < .100. 

C.3.3 Cognitive Task Performance  

The number of correctly recalled letters did not significantly change over the cognitive task (i.e., 

by trial number; χ²(1) = 0.86, p = .353) nor was there a significant stimulation condition x trial 

number interaction (χ²(1) = 1.07, p = .300). However, there was significant, overall effect of 

stimulation condition (χ²(1) = 16.49, p < .001). More specifically, letter recall accuracy was 

modestly higher throughout the cognitive intervention with sham stimulation compared to active, 

with an estimated difference of 6.9 percentage points (95% CI [3.6, 10.2]; Fig. C.2a).   

Math problem accuracy was not significantly affected by stimulation condition (χ²(1) = 

1.50, p = .221), or by the stimulation condition x trial number interaction (χ²(1) = 1.92, p = .165). 
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The main effect of trial number approached significance (χ²(1) = 3.28, p = .070) suggesting slight 

improvement in math performance over time, such that accuracy improved by 0.11 percentage 

points per trial (95% CI [-0.01, 0.23]; Fig. C.2b).  

Median math RT was significantly impacted by trial number (F(1, 15) = 8.62, p = .010), 

becoming faster as the task progressed (Δ = -3.62 ms per trial, 95% CI [-6.24, -0.99]). There was 

also a significant main effect of stimulation condition (F(1, 1569) = 3.95, p = .047), such that 

responses were overall slower when active stimulation was applied compared to sham (Δ = +45.1 

ms, 95% CI [17.7, 72.5]). The interaction between stimulation type and trial number was not 

significant (F(1, 1571) = 0.20, p = .656; Fig. C.2c).  

The display interval length was significantly affected by stimulus condition (F(1, 1569) = 

6.11, p = .014), trial number (i.e., time; F(1, 15) = 5.78, p = .030), and by the interaction of 

stimulus condition and trial number (F(1, 1570) = 4.05, p = .044). Post hoc comparisons showed 

a significantly steeper slope (i.e., a faster increase in display time) with active stimulation (slope 

= +22 ms per trial) compared to sham stimulation (slope = +16 ms per trial; Δ slope = 6.01 ms 

per trial, 95% CI [-0.15, 11.9], p = 0.044; Fig. C.2d). Note that an increase in display time is 

indicative of the adaptive cognitive task becoming easier in response to overall performance 

(letter and math accuracy) below 85%.  
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Fig. C.2 Math-Memory cognitive task performance metrics. Performance metrics are shown by 

trial number (time) and stimulation condition (active, sham). Plots show model predicted mean 

trajectories in performance over time for (a) Percentage of letters correctly remembered, (b) 

percentage of math problems correctly completed, (c) median reaction time (RT) of completed 

math problems, and (d) math problem display time. Shaded regions show 95% confidence 

intervals. 
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C.3.4 tVNS Side Effects  

Most reported side effects were mild (less than 2 on a 10-point scale) and did not differ between 

stimulation conditions (see Fig. C.3 and Table C.1). The prevalence of headache as a side-effect 

was unaffected by stimulus type (n active = 7, n sham = 6). Among those reporting headache as a 

symptom, the effect of stimulus type on symptom intensity approached significance (p = .063), 

such that it was slightly higher with sham stimulation (Δ = 1.11, 95% CI [1.86, 0.06]). The 

prevalence of dizziness as a side-effect was unaffected by stimulus type (n active = 3, n sham = 

1); there was an inadequate number of dizziness reports to explore symptom intensity. Similarly, 

only two participants reported nausea as a side-effect (n active = 1, n sham = 1), thus statistics 

for this variable were incalculable. Reported ear pain was more common (n active = 6, n sham = 

5), however its prevalence was not significantly affected by stimulus condition, nor was its 

reported intensity. Stinging under electrodes was a commonly reported side-effect (n active = 9, 

n sham = 9), but its prevalence did not vary by stimulus condition, nor did its reported intensity. 

The prevalence of burning under the electrodes was also equal among stimulus types (n active = 

4, n sham = 4) and did not vary in reported intensity between stimulus conditions. Prevalence of 

pressure under the electrodes was not significantly affected by stimulation condition (n active = 

6, n sham = 7), nor was the severity of this side-effect. General discomfort did not differ between 

stimulation conditions in its prevalence (n active = 8, n sham = 5) or severity.  

Only the prevalence of itching near the electrodes was significantly impacted by stimulus 

condition, such that it was slightly more common with active stimulation (n active = 6, n sham = 

4). The reported severity of itching did not differ between stimulation types.  
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Fig. C.3 Average tVNS side-effect ratings (0-10) by stimulation condition (active, sham). Error 

bars indicate standard deviation. * indicates p-value < .050. 
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Table C.1 Effect of stimulation condition on reported side-effect prevalence and intensity. NA 

indicates cases where side-effects were reported too infrequently for stable model estimation. * 

indicates a p-value approaching significance, ** indicates a significant p-value. 

 Prevalence Intensity 

 χ² p χ² p 

 
Headache 0.18 .670 3.46 0.063* 

 
Dizziness 1.07 .302 NA NA 

 
Nausea NA NA NA NA 

 
Ear Pain 0.18 .670 0.04 .840 

 
Stinging 0.00 1.00 0.07 .793 

 
Burning 0.00 1.00 0.38 .540 

 
Pressure 0.44 .510 2.53 .112 

 
Itching 5.32 .021** 0.12 .734 

 
General Discomfort 0.61 .437 0.53 .468 
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Appendix D. Description of Cognitive Intervention Performance 

D.1 Summary 

This section provides a descriptive overview of participant performance on the cognitively 

fatiguing interventions. Table D.1 provides descriptive statistics for Math-Memory intervention 

performance across experiments. Fig. D.1-D.7 visually describe performance on the Math-

Memory intervention across experiments. Table D.2 provides descriptive statistics for the Stroop 

and Time Load Dual-Back interventions in Experiment 3. Fig. D.8 and Fig. D.9 visually describe 

performance on the Stroop and Time Load Dual-Back interventions in Experiment 3.  

  



305 

 

D.2 Tables and Figures 

Table D.1 Descriptive statistics for Math-Memory intervention performance across experiments; 

Letter display duration data were not included for Exp. 1 & 2 as it was not varied. 

 Min Max Median Mean SD 

Proportion Letters Correct 

 Experiment 1 0.00 1.00 0.71 0.67 0.31 

 Experiment 2 0.00 1.00 1.00 0.78 0.31 

 Experiment 3 0.00 1.00 0.57 0.55 0.36 

 Experiment 4 0.00 1.00 0.71 0.63 0.33 

 Experiment 5 (active) 0.00 1.00 0.57 0.52 0.36 

 Experiment 5 (sham) 0.00 1.00 0.57 0.59 0.34 

Proportion Math Correct     

 Experiment 1 0.58 1.00 0.95 0.94 0.06 

 Experiment 2 0.23 1.00 0.95 0.93 0.08 

 Experiment 3 0.00 1.00 0.84 0.77 0.22 

 Experiment 4 0.00 1.00 0.85 0.83 0.12 

 Experiment 5 (active) 0.22 1.00 0.84 0.82 0.12 

 Experiment 5 (sham) 0.20 1.00 0.83 0.82 0.13 

Letter Display Duration (seconds) 

 Experiment 3 0.22 2.76 1.17 1.28 0.47 

 Experiment 4 0.30 2.76 1.06 1.24 0.49 

 Experiment 5 (active) 0.41 1.76 1.29 1.40 0.50 

 Experiment 5 (sham) 0.20 2.51 1.17 1.25 0.51 
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Fig. D.1 Histograms of the proportion of math problems correctly completed in the Math-

Memory intervention by experiment. Red dotted lines indicate the target performance level on 

adaptive versions of the task (proportion correct of 0.85). 

  



307 

 

 

Fig. D.2 Average proportion of math problems correctly completed in the Math-Memory 

intervention over time (trial number) by experiment. Shaded regions show SD. Data are averaged 

over participants. Note that subjects may have varied in the exact number of trials completed, 

thus trial number was truncated to 50 to show data representative of the sample.  
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Fig. D.3 Histograms of the proportion of letters correctly remembered in the Math-Memory 

intervention by experiment. Red dotted lines indicate the target performance level on adaptive 

versions of the task (proportion correct of 0.85). 
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Fig. D.4 Average proportion of letters correctly remembered in the Math-Memory intervention 

over time (trial number) by experiment. Shaded regions show SD. Data are averaged over 

participants. Note that subjects may have varied in the exact number of trials completed, thus 

trial number was truncated to 50 to show data representative of the sample. 
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Fig. D.5 Histograms of the letter stimuli display durations in the Math-Memory intervention by 

experiment. Experiments 1 and 2 were not included as stimulus display time was not varied. 
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Fig. D.6 Letter stimuli display durations in the Math-Memory intervention over time (trial 

number) by experiment. Colours show different participants. Experiments 1 and 2 were not 

included as stimulus display time was not varied. 
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Fig. D.7 Average letter display durations in the Math-Memory intervention over time (trial 

number) by experiment. Shaded regions show SD. Experiments 1 and 2 were not included as 

stimulus display time was not varied. Data are averaged over participants. Note that subjects may 

have varied in the exact number of trials completed, thus trial number was truncated to 46 to 

show data representative of the sample. 
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Table D.2 Descriptive statistics for Modified Stroop (ST) and Time Load Dual-Back (DB) 

intervention performance in Experiment 3.  

 Min Max Median Mean SD 

Proportion Correct  

 DB Intervention 0.00 1.00 1.00 0.88 0.18 

 ST Intervention 0.00 1.00 1.00 0.83 0.21 

Stim. Display Duration (s) 

 DB Intervention 0.47 3.54 1.05 1.10 0.39 

 ST Intervention 0.56 6.82 1.20 1.34 0.70 
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Fig. D.8 Performance on the Time Load Dual-Back (DB) intervention in Experiment 3. (a) 

Number of correct and incorrect responses made. (b) Proportion of correct responses over time 

(trial number) with shaded regions showing SD. (c) Histogram of letter display durations (s). (d) 

Average stimulus display duration over time (trial number) with shaded regions showing SD. (e) 

Stimulus display durations over time (trial number), with colours depicting different participants. 

Note that subjects may have varied in the exact number of trials completed, thus trial number 

was truncated to 1200 for panels b and d to show data representative of the sample. 
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Fig. D.9 Performance on the Modified Stroop (ST) intervention in Experiment 3. (a) Number of 

correct and incorrect responses made. (b) Proportion of correct responses over time (trial 

number) with shaded regions showing SD. (c) Histogram of letter display durations (s). (d) 

Average stimulus display duration over time (trial number) with shaded regions showing SD. (e) 

Stimulus display durations over time (trial number), with colours depicting different participants. 

Note that subjects may have varied in the exact number of trials completed, thus trial number 

was truncated to 950 for panels b and d to show data representative of the sample.  
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Appendix E. Materials Used Across Experiments 

E.1 Pre-Session Lifestyle Questionnaire  

Questionnaire of basic demographic and lifestyle factors. Participants completed this 

questionnaire prior to each session of all studies with the exception of Experiment 4. Some 

details of the questionnaire varied by experiment.  

Pre-Study Questionnaire  

Please respond to the following questions by selecting and/or writing your response. If a question does 

not apply, leave it blank or write “NA”. 

1. What is your sex assigned at birth?   □MALE    □FEMALE    □PREFER NOT TO SAY 

2. What is your age (in years)? 
 _______________________________YEARS 

3. Would you consider yourself to be right-
handed, left-handed, or ambidextrous  □RIGHT    □LEFT    □AMBIDEXTROUS 

4. How many hours of sleep have you had in 
the last 24 hours?  ______________________________ HOURS 

5. Would you rate last night's quality of sleep as 
normal, better than normal, or worse than 
normal? 

 
□NORMAL    □BETTER    □WORSE 

6. How many hours has it been since you woke 
up from sleep?  ______________________________ HOURS 

7. Have you consumed food or drink containing 
caffeine in the last 12 hours?  □YES    □NO 

8. If you replied YES to the previous question, 
please indicate what caffeinated food or 
drink was consumed (e.g., coffee) 

 
____________________________________ 

9. Please also indicate what time you consumed 
the caffeinated item  _____________________________ AM/PM 

10. Please also indicate how much caffeinated 
food or drink was consumed (e.g., 1 large 
cup) 

 
____________________________________ 

11. Have you completed any mentally 
challenging tasks since waking up (e.g., 
studying, writing) 

 
□YES    □NO 

12. If you replied YES to the previous question, 
please indicate how much time you spent on 
the mental task 

 
______________________________ HOURS 

13. Please also indicate what time you 
completed the mental task  _____________________________ AM/PM 
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14. Have you completed any physical activity 
since waking up (e.g., brisk walk, biking)  □YES    □NO 

15. If you replied YES to the previous question 
please indicate how much time you spent on 
the physical activity 

 
____________________________MINUTES 

16. Please also indicate what time you 
completed the physical activity  _____________________________ AM/PM 

 

 

NAME: ____________________________________ 

DATE: _____________________________________ 

TIME: _____________________________________ 

ISPR NUMBER: ______________________________ 

 

E.2 Video Descriptions of Cognitive Interventions 

Video description of the cognitively fatiguing interventions are available in English and French 

at [OSF: https://doi.org/10.17605/OSF.IO/ZRSYU]. 

  

https://doi.org/10.17605/OSF.IO/ZRSYU
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Appendix F. Trial Counts 

Tables displaying the mean and range of the number of trials included within experiment, 

variable, and condition.  

Table F.1 By-subject and condition trial count: mean and range of reaction time (SCM+ and 

Control) in Experiment 1. 

Intervention Pre / Post Stimulus 
Trial Count 

Average 
Trial Count Range 

CF Pre Control 28.13 24 – 30 

CF Post Control 26.75 23 – 30 

CF Pre SCM+ 5.81 0 – 10 

CF Post SCM+ 6.06 0 – 10 

CTL Pre Control 27.31 23 – 30 

CTL Post Control 26.44 22 – 29 

CTL Pre SCM+ 6.56 0 – 10 

CTL Post SCM+ 5.75 0 – 10 

*Note. n(total) = 16 participants; 2 participants contributed 0 trials with SCM+. 

 

Table F.2 By-subject and condition trial count: mean and range of reaction time in Experiment 2.  

Intervention Pre / Post Trial Count Average Trial Count Range 

CF Pre 27.97 20 – 30  

CF Post 27.85 13 – 30  

CTL Pre 27.61 19 – 30 

CTL Post 27.66 18 – 30  

*Note. n(total) = 131 data sets were retained for RT analyses, comprised of data from 107 unique 

participants; 24 participants completed both interventions. Trial counts are not presented for IT 

task responses because all IT task trials were retained in the final sample. 
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Table F.3 By-subject and condition trial count: mean and range of reaction time in Experiment 3.  

Intervention Pre / Post RT Task Type Trial Count Average Trial Count Range 

MM Pre Choice 36.95 10 – 40 

MM Post Choice 36.58 12 – 40  

MM Pre Go/No-Go 19.62 16 – 20  

MM Post Go/No-Go 18.82 2 – 20  

MM Pre Simple 18.45 1 – 20  

MM Post Simple 17.78 8 – 20  

ST Pre Choice 37.04 29 – 40  

ST Post Choice 36.13 1 – 40  

ST Pre Go/No-Go 19.64 15 – 20  

ST Post Go/No-Go 19.01 9 – 20 

ST Pre Simple 18.53 3 – 20 

ST Post Simple 18.16 5 – 20  

DB Pre Choice 37.02439 1 – 40  

DB Post Choice 37.1125 29 – 40 

DB Pre Go/No-Go 19.41463 11 – 20  

DB Post Go/No-Go 18.91566 2 – 20 

DB Pre Simple 18.79012 1 – 20 

DB Post Simple 18.08537 5 – 20  

NF Pre Choice 36.68421 7 – 40  

NF Post Choice 36.08696 3 – 40 

NF Pre Go/No-Go 19.31624 3 – 20 

NF Post Go/No-Go 19.38793 10 – 20  

NF Pre Simple 18.37719 2 – 20  

NF Post Simple 17.90517 7 – 20  

*Note. n(total) = 402 participants. “No-go” trials were not included in counts of Go/No-Go trials. 
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Table F.4 By-subject and condition trial count: mean and range for cognitive interventions in 

Experiment 3.  

Intervention Trial Count Average Trial Count Range 

DB 1222.86 864 – 1440  

MM 47.57 25 – 55  

ST 944.68 672 – 1056 

*Note. n(total) = 283 participants. 

 

Table F.5 By-subject and condition trial count: mean and range for response errors in 

Experiment 3. 

Intervention Pre / Post RT Task Type Trial Count Average Trial Count Range 

MM Pre Choice 4.03 1 – 40  

MM Post Choice 5.33 1 – 40  

MM Pre Go/No-Go 2.46 1 – 20  

MM Post Go/No-Go 2.97 1 – 20  

ST Pre Choice 3.21 1 – 40  

ST Post Choice 3.01 1 – 38  

ST Pre Go/No-Go 1.83 1 – 9  

ST Post Go/No-Go 2.42 1 – 15 

DB Pre Choice 3.68 1 – 40  

DB Post Choice 4.12 1 – 40  

DB Pre Go/No-Go 2.68 1 – 20  

DB Post Go/No-Go 2.70 1 – 20  

NF Pre Choice 4.35 1 – 40  

NF Post Choice 4.36 1 – 40  

NF Pre Go/No-Go 2.67 1 – 20  

NF Post Go/No-Go 2.60 1 – 20  

*n(total) = 399 participants.  
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Table F.6 By-subject and condition trial count: mean and range of premotor reaction time in 

Experiment 4.  

Intervention Pre / Post TMS Timepoint 
Trial Count 

Average 
Trial Count Range 

CF Pre Go-0ms 11.28 8 – 12  

CF Post Go-0ms 10.84 0 – 12 

CF Pre Go-150ms 10.66 7 – 12 

CF Post Go-150ms 10.50 2 – 12 

CF Pre Go-500ms 10.19 7 – 12 

CF Post Go-500ms 9.69 2 – 12 

CTL Pre Go-0ms 11.44 9 – 12  

CTL Post Go-0ms 11.25 8 – 12  

CTL Pre Go-150ms 10.31 8 – 12 

CTL Post Go-150ms 10.44 8 – 12 

CTL Pre Go-500ms 9.89 4 – 12 

CTL Post Go-500ms 10.41 5 – 12  

*Note. n(total) = 32 participants. One participant contributed 0 trials to the CF, Post, Go-0ms 

condition.  
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Table F.7 By-subject and condition trial count: mean and range of displacement reaction time in 

Experiment 4.  

Intervention Pre / Post TMS Timepoint 
Trial Count 

Average 
Trial Count Range 

CF Pre Go-0ms 11.22 9 – 12  

CF Post Go-0ms 10.91 0 – 12 

CF Pre Go-150ms 10.72 7 – 12 

CF Post Go-150ms 10.34 2 – 12 

CF Pre Go-500ms 10.19 8 – 12 

CF Post Go-500ms 9.91 2 – 12 

CTL Pre Go-0ms 11.38 9 – 12  

CTL Post Go-0ms 11.22 8 – 12  

CTL Pre Go-150ms 10.38 8 – 12 

CTL Post Go-150ms 10.47 8 – 12 

CTL Pre Go-500ms 9.94 4 – 12 

CTL Post Go-500ms 10.16 5 – 12  

*Note. n(total) = 32 participants. One participant contributed 0 trials to the CF, Post, Go-0ms 

condition.  

 

Table F.8 By-subject and condition trial count: mean and range of resting motor-evoked 

potential amplitude in Experiment 4.  

Intervention Pre / Post Trial Count Average Trial Count Range 

CF Pre 9.09 0 – 10  

CF Post 9.31 0 – 10  

CTL Pre 9.34 4 – 10  

CTL Post 9.28 6 – 10   

*Note. n(total) = 32 participants. One participant contributed 0 trials in the CF, Pre condition, 

and one participant contributed 0 trials in the CF, Post condition. 
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Table F.9 By-subject and condition trial count: mean and range of preparatory motor-evoked 

potential amplitude in Experiment 4.  

Intervention Pre / Post TMS Timepoint 
Trial Count 

Average 
Trial Count Range 

CF Pre Go-0ms 10.50 0 – 12  

CF Post Go-0ms 10.66 0 – 12 

CF Pre Go-150ms 10.53 0 – 12 

CF Post Go-150ms 10.66 0 – 12 

CF Pre Go-500ms 10.69 0 – 12 

CF Post Go-500ms 10.44 0 – 12 

CTL Pre Go-0ms 10.44 1 – 12  

CTL Post Go-0ms 10.66 1 – 12  

CTL Pre Go-150ms 10.63 0 – 12 

CTL Post Go-150ms 10.66 0 – 12 

CTL Pre Go-500ms 10.69 0 – 12 

CTL Post Go-500ms 10.59 1 – 12  

*Note. n(total) = 32 participants. Four participants contributed 0 trials for at least one condition 

combination. The number of participants with 0 trials was: CTL, Pre, Go-150ms (n = 1); CF, Pre, 

Go-0ms (n = 1); CF, Pre, Go-150ms (n = 1); CF, Pre, Go-500ms (n = 1); CF, Post, Go-0ms (n = 

2); CF, Post, Go-150ms (n = 2); CF, Post, Go-500ms (n = 2); CTL, Pre, Go-150ms (n = 1); CTL, 

Pre, Go-500ms (n = 1); CTL, Post, Go-150ms (n = 1).   
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Table F.10 By-subject and condition trial count: mean and range of premotor reaction time in 

Experiment 5.  

Intervention Block Trial Count Average Trial Count Range 

Active 1 23.57 20 – 25  

Active 2 23.50 20 – 25 

Active 3 22.93 19 – 25 

Active 4 22.57 18 – 25 

Sham 1 23.21 21 – 25 

Sham 2 23.43 20 – 25 

Sham 3 23.14 18 – 25  

Sham 4 22.86 20 – 25   

*Note. n(total) = 14 participants; blocks 1-2 are pre-intervention, blocks 3-4 are post-

intervention. 

 

Table F.11 By-subject and condition trial count: mean and range of displacement reaction time in 

Experiment 5.  

Intervention Block Trial Count Average Trial Count Range 

Active 1 23.29 18 – 25  

Active 2 23.07 20 – 25 

Active 3 22.57 19 – 25 

Active 4 22.50 18 – 25 

Sham 1 23.14 20 – 25 

Sham 2 23.36 19 – 25 

Sham 3 22.71 17 – 25  

Sham 4 22.57 18 – 25   

*Note. n(total) = 14 participants; blocks 1-2 are pre-intervention, blocks 3-4 are post-

intervention. 
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Table F.12 By-subject and condition trial count: mean and range of EMG burst magnitude 

(Q100) in Experiment 5.  

Intervention Pre / Post Trial Count Average Trial Count Range 

Active Pre 47.07 41 – 50   

Active Post 45.50 40 – 49 

Sham Pre 46.64 41 – 50 

Sham Post 46.00 40 – 49   

*Note. n(total) = 14 participants. 

 

Table F.13 By-subject and condition trial count: mean and range of anticipatory responses in 

Experiment 5. 

Intervention Pre / Post Trial Count Average Trial Count Range 

Active Pre 3.63 1 – 7    

Active Post 2.58 0 – 7  

Sham Pre 2.25 0 – 5  

Sham Post 3.56 1 – 8    

*Note. n(total) = 13 participants; One participant contributed no anticipatory responses across 

any condition and was therefore excluded. Of the remaining participants, one contributed no 

trials in the Active, Post condition, and one contributed no trials in the Sham, Pre condition. 
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Appendix G. Certificates of Ethics Approval  

Ethics approval certificates from the University of Ottawa Office of Research Ethics and 

Integrity are presented in order of Experiments 1-5.  
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