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Prior work has validated the use of resource depletion to directly probe the role of 

specific cognitive functions on human performance. Specifically, intensive recruitment 

of cognitive resources to successfully perform a task has been shown to result in 

performance decrements and decreased neural activation on subsequent tasks. Much of 

this work, however, was not conducted within the context of cognitive-motor 

performance and/or did not examine the underlying brain dynamics. Therefore, this 

study examined the effects of depleted spatial working memory (SWM) resources, 

critical for spatial information processing, on performance and brain dynamics 

(attentional reserve and cognitive-motor effort). Performance and 

electroencephalography were collected as thirty-five individuals, randomly assigned to 

an experimental or control group, with minimal prior videogame experience completed 

a cognitive-motor task at an easy and a hard level of difficulty before and after 



 

 

undergoing SWM resource depletion (experimental) or non-depletion (control). The 

SWM depletion protocol required intensive mental rotation, while the non-depletion 

protocol did not. Attentional reserve was assessed via the novelty-P3 component of the 

event-related potential and cognitive-motor effort was assessed via spectral power 

within the theta, low- and high-alpha frequency bandwidths. The results revealed both 

groups exhibited similar performance improvement on the cognitive-motor task post- 

compared to pre-SWM depletion/non-depletion. This was accompanied with a more 

efficient engagement of attentional resources (decreased novelty-P3) and a refinement 

of cortical activity (low-/high-alpha synchrony), which may reflect a practice effect. 

Furthermore, the control group exhibited theta synchrony under the hard compared to 

the easy level of challenge across all cortical regions regardless of when the cognitive-

motor task was performed. This adaptive response, however, was absent within the 

frontal and temporal cortical regions (important for working memory, attentional 

control and visuospatial processes) for the experimental group post-SWM depletion. 

Additionally, the experimental group, post-relative to pre-SWM depletion, exhibited 

temporal theta desynchrony and synchrony during the hard and easy level of challenge, 

respectively. These findings collectively suggest intensive cognitive task performance 

has a combined neurocognitive benefit (i.e., practice effect) and cost (i.e., lack of 

adaptive response due to depleted resources) during subsequent cognitive-motor 

performance requiring similar cognitive processes as that of the depleting task. 
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Chapter 1: Introduction 

 Humans have the remarkable capability to maintain a stable level of cognitive-

motor performance when facing elevated and unfamiliar task demands. This adaptive 

nature of the human brain is highly dependent on the efficiency in which limited neural 

resources are allocated. In situations where the performer is confronted with excessive 

task demands, resources are further recruited in an attempt to maintain performance. If 

this recruitment exceeds a certain threshold and resources become substantially 

depleted, critical cognitive-motor processes underlying performance can become 

compromised, resulting in an increased risk for human error as well as the inability to 

attend to unexpected task demands (Babiloni et al., 2010; Berka et al., 2007; Miller et 

al., 2011; Murray & Janelle, 2007; Rietschel et al., 2012; Shaw et al., 2018).  

 Prior work has validated the use of electroencephalography (EEG) to assess 

changes in resource allocation related to attention and cognitive-motor processes 

during the performance of sensorimotor tasks (Bradford et al., 2019; Gentili et al. 2018; 

Shaw et al., 2018). In particular, residual attentional resources not allocated to the 

primary task at hand (i.e., attentional reserve) can be assessed by evaluating the 

amplitude of the novelty-P3 component of the event-related potential (ERP) elicited by 

intermittently presented task-irrelevant novel complex auditory stimuli (Dyke et al., 

2015; Gentili et al. 2018; Miller et al., 2011; Rietschel et al., 2014; Shaw et al., 2018). 

The use of novel complex sounds has been demonstrated to be more robust in capturing 

attention compared to pure tones due to their resemblance to real-world novel and 

unexpected events (Dyke et al., 2015). The amplitude of the novelty-P3 component 

reflects the magnitude of involuntary orienting of attention to task-irrelevant stimuli, 
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which is believed to be constrained by attentional reserve. Specifically, when primary 

task demands are high, there are fewer residual attentional resources left over to 

allocate to task-irrelevant stimuli, resulting in an attenuated novelty-P3 component 

amplitude. This novel ERP approach is considered superior over behavioral dual-task 

paradigms, as it avoids interfering with performance on the primary task. Previous 

work has successfully employed this novel ERP approach within the context of 

cognitive-motor performance and learning (Deeny et al., 2014; Gentili et al., 2018; 

Rietschel et al., 2014; Shaw et al., 2018). For instance, Shaw et al. (2018) assessed 

attentional reserve as individuals performed a cognitive task under varying difficulty 

while seated as well as walking. The authors observed an attenuated novelty-P3 

component amplitude (i.e., a diminished attentional reserve) as the cognitive-motor 

demands became elevated either due to an increase in cognitive task difficulty or the 

type of task performed (walking compared to being seated). In another study conducted 

within a learning context, Rietschel et al. (2014) observed a progressive increase in 

novelty-P3 component amplitude (i.e., an increased attentional reserve), along with 

improvement in performance over the course of adaptation to a visual distortion applied 

to movement trajectories during a reaching task. It must be also be noted that a 

relationship between the level of task engagement and the novelty-P3 component 

amplitude has also been observed, such that individuals who report higher levels of 

task engagement exhibit smaller novelty-P3 component amplitudes (i.e., decreased 

attentional reserve). These findings suggest the novelty-P3 component may also serve 

as an objective measure of participant task engagement (Leiker et al., 2016). 

Collectively, these studies demonstrate fluctuations in the amplitude of the novelty-P3 
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component can serve as a robust index of attentional reserve under a varied range of 

settings. Furthermore, the N1 and P2 components of the ERP have also been previously 

shown to be modulated by attention, such that their amplitudes are attenuated when 

attention to stimuli is diminished (Hillyard et al., 1973; Picton & Hillyard, 1974). Thus, 

these components can also serve as a measure of attentional resource allocation during 

cognitive-motor performance (Deeny et al., 2014; Miller et al., 2011; Shaw et al., 

2018). 

 In addition to ERP analyses, it has been demonstrated that fluctuations in EEG 

spectral power within the theta (4-7 Hz) and alpha (8-13 Hz) frequency bandwidths 

reflect changes in the engagement of cognitive-motor processes and thus the overall 

magnitude of cognitive-motor effort. Specifically, elevations in cognitive-motor task 

demands have been affiliated with decreased alpha (both low and high components) 

power and increased theta power. Decreased alpha power is inversely related to 

cerebral cortical activation and is believed to reflect the recruitment of neural processes 

(in particular high-alpha) to compensate for increased task demands (Gentili et al., 

2018; Gevins et al., 1997; Jaquess et al., 2017; Klimesch, 1999; Rietschel et al., 2012; 

Shaw et al., 2018; Shaw et al., 2019). Conversely, increased theta power (in particular 

frontal theta synchrony) is positively related to cerebral cortical activation and is 

thought to reflect an increase in engagement of working memory, attentional control 

and action monitoring (Chuang et al., 2013; Coombes et al., 2005; Gentili et al., 2018; 

Gevins & Smith, 2000; Gevins et al., 1997, 1998; Klimesch, 1999; Rietschel et al., 

2012; Sauseng et al., 2007; Shaw et al., 2018, 2019). The ratio of theta to alpha power 

at the frontal and parietal midline sites has also been shown to serve as a robust measure 
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of cognitive-motor effort during tasks involving upper and lower extremity 

performance (Gentili et al., 2018; Holm et al., 2009; Jaquess et al., 2017; Pruziner et 

al., 2018; Shaw et al., 2018, 2019). Collectively, the aforementioned spectral analyses 

have been previously demonstrated to reflect critical cortical processes underlying 

cognitive-motor performance and learning across a diverse set of tasks under varying 

levels of challenge (e.g., Gentili et al., 2011; Hatfield et al., 2004; Malcolm et al., 2015). 

However, the majority of this prior work has mainly been conducted within the context 

of mental workload assessment, which is characterized by fluctuations in resource 

recruitment (related to attention, working memory, motor coordination, etc.) by the 

performer under varying task demands and learning challenges. The current work was 

conducted to assess a related, but much less studied approach which consisted of 

depleting resources to examine its effect on cognitive-motor processes underlying 

performance.   

 Resource depletion refers to the notion that recruitment of cognitive resources 

to successfully perform a task will temporarily diminish the availability of these 

resources, resulting in performance decrements on subsequent tasks (Baumeister et al., 

1998; Persson et al., 2007, 2013; Schmeichel, 2007). Seminal work by Baumeister et 

al. (1998) first developed the resource depletion paradigm to investigate the 

phenomenon of an individual’s temporary reduction in willingness to engage in 

volitional acts due to prior acts of self-control. Since then, behavioral and neuroimaging 

studies have not only validated the use of resource depletion (Doris et al., 2012; Inzlicht 

& Gutsell, 2007; Wagner et al., 2013), but have also extended its use to directly probe 

the role of specific executive functions (i.e., cognitive processes responsible for the 
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control of goal-directed behavior; Baddeley, 1986; Miller & Cohen, 2001) on human 

performance (Persson et al., 2007, 2013; Schmeichel, 2007). Work by Persson et al. 

(2007) for example, employed a series of behavioral experiments to evaluate the effect 

of intensive task performance (i.e., resource depletion) on the subsequent performance 

of a task requiring similar or different cognitive processes as that of the depletion task. 

Specifically, two groups of participants performed a verb-generation task before and 

after completing an item recognition task (resource depletion task). One group of 

participants completed a high interference item recognition task while the other group 

completed a low interference item recognition task. The verb-generation and item 

recognition tasks have been previously demonstrated to activate overlapping regions of 

the left inferior frontal gyrus and require interference control. In a second experiment, 

participants were required to perform the same verb-generation task, but instead 

completed a resource depletion task that did not require the same executive demands 

or recruited the same brain regions. As predicted, depletion effects were demonstrated 

only when the two tasks shared the same cognitive resources (activated overlapping 

brain regions). However, these effects were only apparent if the resource depletion task 

was challenging. Thus, performance on the verb-generation task in the first experiment 

was significantly worse if the high interference item recognition task was performed 

previously. This work not only provided evidence in support of the resource depletion 

paradigm as a tool to study executive function, but more importantly demonstrated that 

the depletion of executive resources are ‘process specific’ such that specific cognitive 

processes can be targeted and depleted independently from others. 
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 Currently, a limited amount of neural evidence in support of the phenomena of 

resource depletion exists (Inzlicht & Gutsell, 2007; Persson et al., 2013; Wagner et al., 

2013). Generally, this work has reported decreased neural activation in brain regions 

relevant to the cognitive processes whose resources were temporarily depleted. In 

particular, Persson et al. (2013) expanded their behavioral work by conducting a 

functional magnetic resonance imaging (fMRI) study to investigate the neural basis of 

executive resource depletion. The same experimental set-up from their earlier work 

(Persson et al., 2009) was employed such that two groups of participants performed a 

verb-generation task before and after completing a resource depleting or non-depletion 

item recognition task. Changes in the magnitude of neural activation related to 

depletion were reported, indicating that activation in task-relevant regions (e.g., left 

inferior frontal gyrus) was significantly decreased while participants performed the 

verb-generation task after compared to before they had completed the resource 

depleting high interference item recognition task. Importantly, decreases in the 

magnitude of neural activation correlated with behavioral performance impairment. 

These findings provide further support for a ‘process specific’ account of resource 

depletion. Furthermore, the neuroimaging results suggest the resource depletion 

paradigm limits the resources available for subsequent tasks requiring similar cognitive 

processes. Notably, increased activation in brain regions not typically related to the 

tasks employed in this study (e.g., right inferior frontal gyrus) was reported after 

participants underwent resource depletion, reflecting a possible compensatory 

mechanism. Overall, the previously discussed behavioral and neuroimaging literature 
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demonstrates the validity of the resource depletion framework. While informative, 

most of this work was not conducted within a cognitive-motor context.  

Working memory has been suggested to serve as an important process in the 

successful performance and learning of various cognitive-motor tasks (Anguera et al., 

2010, 2012; Seidler et al., 2012; Shaw et al., 2018, 2019). Working memory is a 

temporary storage and processing system necessary for the performance of complex 

cognitive tasks. Following the model originally proposed by Baddeley & Hitch (1974) 

and Baddeley (1986), working memory is divided into three components. These include 

the central executive which controls, coordinates and integrates information from its 

two slave systems (the phonological loop and the visuospatial sketchpad). A modified 

version of the model was proposed to consist of a third slave system referred to as the 

episodic buffer (Baddeley, 2000; see Figure 1). The central 

executive may play a critical role in cognitive-motor performance and learning, such 

that when encountering elevated or unfamiliar task demands, the central executive 

reduces the allocation of attentional resources to task-irrelevant information in order to 

maintain information in working memory related to task-relevant goals (SanMiguel, et 

al., 2008; Simon et al., 2016). This is in line with reductions in involuntary orienting 

 
Figure 1. Baddeley’s updated model of working memory (figure borrowed from Baddeley, 2000). 
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of attention, as reflected by an attenuated novelty-P3 component amplitude, during 

early sensorimotor learning (Rietschel et al., 2014) and as task demands increase during 

cognitive-motor performance (Miller at al., 2011; Gentili et al., 2018; Shaw et al., 

2018). Furthermore, of the three slave systems, the visuospatial sketchpad is likely an 

essential component of successful cognitive-motor performance and learning, as it is 

responsible for the storage and manipulation of visual and spatial information. The 

visuospatial sketchpad has since been termed visuospatial working memory (Cornoldi 

& Vecchi, 2003; Logie, 1995) and support to break down the visuospatial sketchpad 

into spatial and visual subcomponents has been garnered. 

In a behavioral study by Anguera et al., (2012), a spatial working memory 

(SWM) resource depletion paradigm was employed to examine the relationship 

between cognitive and sensorimotor mechanisms during sensorimotor adaptation. To 

our current knowledge, this is the only study that has employed a SWM resource 

depletion protocol to examine the role of SWM within a cognitive-motor context 

contrary to the previously discussed work which employed this depletion technique 

using tasks that were mainly cognitive in nature. SWM resources were selectively 

depleted by having participants perform a demanding SWM task requiring mental 

rotation for 20 minutes (depletion task) before having to perform a visuomotor task in 

which participants had to adapt to a 30° clockwise visual distortion applied to their 

movement trajectories. Changes in performance across the SWM resource depletion 

protocol were reported to moderately correlate with a reduced rate of subsequent early 

visuomotor adaptation. Thus, the depletion of SWM resources resulted in learning 

impairments on the visuomotor adaptation task. Overall, the finding reported here not 
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only suggests that SWM is an important component of successful sensorimotor 

learning, but also provides support for the successful employment of a resource 

depletion paradigm within a cognitive-motor context to examine the role of specific 

cognitive processes  underlying motor behavior.  

While interesting, this study was purely behavioral and no inferences were 

made about the underlying brain dynamics. The direct assessment of brain dynamics 

related to the depletion of SWM is critical since it would provide a more complete 

characterization of the relationship between cognitive and sensorimotor processes. 

However, in order to fully appreciate the examination of brain dynamics within a 

learning context which is by nature a dynamic process, it is important to first determine 

the underlying brain dynamics of resource depletion on cognitive-motor performance 

alone. In particular, there is a need to further investigate the role of SWM during 

cognitive-motor performance when task demands increase since the central executive 

is likely critical for the management of attentional resource allocation to maintain task-

relevant information in working memory. Thus, further evaluation of how SWM 

resource depletion affects cognitive-motor behavior under varying levels of challenge 

is warranted. Lastly, a control group was not included in the experimental design, 

making it difficult to ensure the significant correlation reported was truly due to the 

depletion of SWM rather than general fatigue. Including a control group would have 

enabled a stronger experimental design by providing a clearer understanding of the 

effects SWM resource depletion.  

Therefore, the current study aimed to examine the effect of SWM resource 

depletion on subsequent cognitive-motor performance by evaluating mental workload 
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through a combined assessment of the underlying brain dynamics and behavioral 

performance. A resource depletion paradigm, along with an EEG assessment of 

attentional reserve (indexed by novelty-P3 component amplitude) and cognitive-motor 

effort (indexed by theta and low/high-alpha spectral power) were employed to provide 

a more complete characterization of the role SWM plays in cognitive-motor 

performance. Specifically, EEG and performance metrics were evaluated as individuals 

assigned to an experimental group performed an easy and hard level of a cognitive-

motor task requiring SWM (see methods for further detail) before and after resource 

depletion. To serve as a baseline for comparison, a control group performed the same 

set of tasks, but did not undergo resource depletion and instead performed a non-

depletion protocol. Based on prior mental workload literature that recruited healthy 

individuals (e.g., Gentili et al., 2018; Shaw et al., 2018), it was hypothesized that prior 

to SWM resource depletion/non-depletion, all participants (experimental and control) 

would exhibit poorer performance (e.g., increased number of game overs), reduced 

attentional reserve (decreased novelty-P3 amplitude) and elevated cognitive-motor 

effort (increased theta and decreased low/high-alpha power) for the hard compared to 

the easy level of cognitive-motor challenge. This pattern in behavior and brain 

dynamics was also expected to be observed for the control group after the completion 

of the SWM resource non-depletion protocol. Limited prior neuroimaging work on 

resource depletion has reported reduced performance as well as neural activation in 

brain regions relevant to the cognitive processes whose resources were temporarily 

depleted (Inzlicht & Gutsell, 2007; Persson et al., 2013; Wagner et al., 2013). Thus, for 

the experimental group, it was hypothesized that performance would be impaired to a 



 

 

11 

 

greater extent after compared to before undergoing SWM resource depletion. This 

would coincide with a reduced cortical activation (low- and high-alpha synchrony) and 

impaired ability to recruit resources related to working memory and attentional control 

(frontal theta desynchrony), which collectively would reflect a decrease in cognitive-

motor effort. Furthermore, if the central executive and visuospatial sketchpad are 

closely related as suggested by the Baddeley model (Baddeley, 2000), it was expected 

that the central executive would be affected by SWM resource depletion and would no 

longer be able to effectively suppress attentional resources to task-irrelevant 

information. This would result in an increased allocation of attentional resources to 

task-irrelevant information (elevated novelty-P3 amplitude). Importantly, the 

detrimental effects of SWM resource depletion on behavioral performance as well as 

the brain dynamics were expected to be heightened for the hard compared to the easy 

level of cognitive-motor challenge, as it is expected that more neural resources are 

required  to successfully maintain performance under elevated task demands. 
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Chapter 2: Methods 

Participants 

 Forty-two right-handed individuals with normal or corrected-to-normal vision 

completed the study after proving written informed consent approved by the 

Institutional Review Board at the University of Maryland. However, data from six 

participants were excluded due to either poor electrophysiological recordings or failure 

to follow instructions. After the removal of these participants, the final sample size 

consisted of 35 participants who were randomly assigned to an experimental (8 male 

and 11 female; M age ± SD: 20.053 ± 3.135 years) or control (8 male and 8 female; M 

age ± SD: 24.313 ± 4.316 years) group, described below. All participants reported not 

being on psychotropic medication as well as being free of drug and alcohol use prior to 

completing the study. Furthermore, participants reported playing less than four hours 

per week of video games over the past year and had less than ten hours prior experience 

having played Tetris®. 

Experimental procedure and tasks 

 Participants were seated in front of a 27” computer monitor at a 70 cm viewing 

distance while performing a series of tasks (further described below) presented in a 

methodical order to examine changes in performance and brain dynamics before and 

after undergoing SWM depletion (Figure 2). All participants followed the same 

experimental procedures, with the exception that participants assigned to the 

experimental group underwent a depleting SWM protocol, whereas participants 

assigned to the control group underwent a non-depleting SWM protocol. 
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Figure 2. Experimental tasks presented in a systematic order. Pariticpants played Tetris® at an easy 

and hard level of challenge before and after completing a SWM resource depletion (experimental) or 

SWM resource non-depletion (control) protocol. 
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Cognitive-motor task 

 Participants played the videogame Tetris® 

(http://www.britannica.com/topic/Tetris) under two levels of challenge (easy or hard) 

once before and once after undergoing the SWM resource depletion/non-depletion 

protocol (Figures 2 and 3). Tetris® is a videogame that requires the manipulation 

(movement up and down, counter-clockwise rotation) of ‘falling’ game pieces taking 

the form of various shapes in order to place them in an optimal location on the computer 

screen. Previous work has demonstrated training on Tetris® can lead to improved 2-

dimensional mental rotation abilities (De Lisi & Wolford, 2002; Okagaki & Frensch, 

1994) and that performance on Tetris® correlates with measures of visuospatial 

working memory (Lau-Zhu et al., 2017). Given the previous findings, it is likely that 

the game Tetris® requires the recruitment of SWM, serving as an appropriate 

experimental task for the current study. The difficulty of the game was defined by the 

rate the Tetrominoes (i.e., pieces) advanced on the screen, as the change in speed 

requires participants to more rapidly decide where to place the current piece, execute 

the placement, and update planning for the successive pieces. The Tetrominoes fell at 

a velocity of 1.67 cm/s and 3.56 cm/s during the easy and hard conditions, respectively. 

These times were determined based on previous work that have employed the same 

experimental task (Miller et al., 2011; Rietschel et al., 2014). The order in which each 

level of challenge was played before and after the SWM resource depletion/non-

depletion protocol, was counterbalanced across all participants. Furthermore, a 

sequence of Tetrominoes was predetermined and employed for all participants in order 

to compare performance between the participants as well as between the easy and hard 

http://www.britannica.com/topic/Tetris
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levels of challenge. Participants manipulated the Tetrominoes using three keys on a 

keyboard located directly in front of them. The left and right arrow keys corresponded 

to moving the Tetrominoes left and right on screen, while the upper key corresponded 

to the counter-clockwise rotation of the Tetrominoes. Although normal game play 

allows individuals to manipulate the speed in which the Tetrominoes move down the 

screen, the velocity of the Tetrominoes in the current experiment were held constant 

within a level of challenge and could not be manipulated by the participants. When the 

Tetrominoes were stacked above line 15 of 20, the game automatically restarted at the 

same level of difficulty so that participants could plan their movements and have time 

to place the Tetrominoes in the desired position and location. Experimental conditions 

(pre-easy, pre-hard, post-easy and post-hard) lasted 10 min each.  

 Attentional reserve was assessed by employing task-irrelevant complex 

auditory probes intermittently presented (ISI range: 6-30 s) throughout each 

experimental condition (Dyke et al., 2015; Miller et al., 2011; Rietschel et al., 2014). 

The auditory probes consisted of a set of 30 sounds obtained from a larger collection 

from the New York State Psychiatric Institute (Fabiani et al., 1996) and were randomly 

presented at a comfortable decibel (dB) level (less than 95 dB) through two speakers 

located 70 cm from the participants. At the end of each experimental condition, a visual 

analog scale (VAS) and a NASA-Task Load Index (TLX) questionnaire were 

administered in order to obtain a self-report assessment of perceived task demands (see 
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Appendices A and B for a description of the questions employed in these 

questionnaires; Hart & Staveland (1988)).  

SWM resource depletion and non-depletion protocol 

 The SWM resource depletion and non-depletion tasks employed in this study 

were modeled after those employed in Anguera et al. (2010, 2012). For the SWM 

 
Figure 3. Experimental set-up in which participants played Tetris® at an easy and a hard level of 

challenge both before and after undergoing SWM resource depletion/non-depletion. Throughout 

each condition, attentional reserve was assessed by probing participants with task-irrelevant novel 

auditory stimuli intermittently presented as performance and EEG signals were concurrently 

recorded. 
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resource depletion task, participants assigned to the experimental group completed 17 

blocks of 10 trials. Each trial required participants to memorize a target set consisting 

of three solid circles (1 cm in diameter) within a period of 500 ms. The circles were 

randomly positioned in three out of four possible locations centered around a fixation 

cross, with radii subtending anywhere from 3-6˚ of visual angle. After the presentation 

of the target set, a blank screen was presented for 3000 ms in which participants were 

instructed to first mentally connect the circles to form a shape and then rotate the shape 

60˚ counter-clockwise around the fixation cross. Following mental rotation, a set of 

three open circles (1 cm in diameter) were presented. Participants were given 3000 ms 

to decide whether the open circles formed the same shape as the original mentally 

rotated target set by pressing the “F” and “J” keys on a keyboard located directly in 

front of them. Response keys corresponded to “yes” or “no” and were counterbalanced 

across participants. Once a response was made, the next trial began after a 1000 ms 

inter-trial interval and a new target set was presented. Congruent trials composed 70% 

of the total number of trials such that the mentally rotated target set matched the 

subsequently presented open circles. The remaining 30% of the trials were composed 

of incongruent trials in which one out of the three open circles presented was displaced 

slightly (4˚) or greatly (8˚) from the original mentally rotated target location.  

 For the SWM resource non-depletion protocol, participants assigned to the 

control group completed 17 blocks of 22 trials. Participants were provided 500 ms for 

each trial to memorize a target set consisting of three solid circles of the same size and 

spatial locations as the SWM depletion task. After the presentation of the target set, a 

blank screen was presented for 200 ms. The shortened period of time (200 ms rather 
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than 3000 ms) was implemented to prevent participants from engaging in mental 

rotation. Next, participants were presented with a single open circle and had 3000 ms 

to indicate whether the circle was in the same spatial location as one of the solid circles 

in the original target set. Participants had 3000 ms to respond by pressing either the “F” 

or “J” key (i.e., ‘yes’ or ‘no’), counterbalanced across participants. Similar to the SWM 

resource depletion task, 70% of the trials were composed up of congruent trials, such 

that the open circle was located in the same spatial location as one of the three solid 

circles originally presented in the target set. The remaining 30% of the trials were 

composed up of incongruent trials, in which the open circle was displaced slightly (4˚) 

or greatly (8˚) from one of the original solid circle spatial locations. Breaks lasting 20 

s were given between each block of trials for the SWM resource depletion and non-

depletion protocols, with both tasks lasting approximately 20 min (Figure 2).  

Electrophysiological data acquisition 

 EEG data were continuously recorded from 64 scalp sites (extended 10-20 

system) using an actiCAP EEG system (Brain Products GmbH, Germany) at a sampling 

frequency of 1000 Hz throughout all Tetris® conditions. The EEG data were online 

referenced to the left earlobe and a common ground was employed at the FPz site on 

the scalp. Band pass filters were set at 0.01-100 Hz and all electrode impedances were 

maintained below 10 kΩ throughout the entirety of the study. The EEG signal was 

amplified and digitized using a BrainAmp DC Amplifier (Brain Products GmbH, 

Germany) linked to Brain Vision Recorder software version 2.1 (Brain Products 

GmbH, Germany).  
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Data processing 

Performance 

 Performance for each block of trials on the SWM resource depletion/non-

depletion protocol was evaluated by assessing accuracy (percentage of correct 

responses) as well as response time (RT; (i.e., how long it took participants to respond 

“yes” or “no”) for correct responses only. In order to assess changes in performance 

over time, accuracy and RT were averaged across the first three (early), 8th-10th 

(middle), and last three (late) blocks. These behavioral measures were assessed as a 

manipulation check to confirm depletion of SWM resources occurred as well as to 

validate the use of the SWM resource depletion protocol. For Tetris®, performance 

was evaluated for each level of challenge (easy and hard) before and after the SWM 

resource depletion/non-depletion protocol by measuring the number of times 

participants failed (game overs) and had to restart the task (i.e., when Tetrominos were 

stacked above line 15). To provide a more sensitive evaluation of performance on 

Tetris®, additional normalized outcome measures were evaluated which included the 

number of lines completed per Tetromino and the number of keyboard inputs per 

Tetromino (Gentili et al., 2018).  

Self-report 

 For each level of difficulty on Tetris® before and after SWM resource 

depletion/non-depletion, VAS and NASA-TLX scores were computed for each item 

and dimension, respectively. The VAS was administered to assess self-reported mental 

workload and task difficulty via five questions (Q1: “How mentally loaded did I feel 
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while performing the task?”; Q2: “How overwhelmed was I by the task?”; Q3: “How 

easy was the task?”; Q4: “How much did I have to concentrate to perform the task?”; 

Q5: “How tired was I after the task?”). The NASA-TLX was administered to assess 

perceived overall workload via six dimensions which included mental, physical and 

temporal task demands, as well as, effort, frustration and perception of performance 

(Hart, 2006; Hart & Staveland, 1988). 

Electrophysiological data 

 EEG signal processing was conducted using BrainVision Analyzer software 

version 2.0 (Brain Products GmbH, Munich, Germany). Data recorded for all Tetris® 

conditions were re-referenced offline to an averaged ears montage prior to further 

processing of the ERPs and spectral power. 

Electrophysiological data: ERPs 

 After re-referencing, EEG data were low-pass filtered at 20 Hz with a 48-dB 

rolloff using a zero-phase Butterworth filter offline. The data were then visually 

inspected and pruned (Onton et al., 2006) to remove non-stereotyped artifact from 

further analysis and improve the subsequent independent component analysis (ICA) 

conducted. An ICA-based approach was employed to reduce eye movement artifact 

using an ocular artifact rejection function embedded within Brain Vision Analyzer 

software (BrainProducts, 2013). Following ICA-based ocular artifact rejection, the data 

were epoched into 1-s sweeps surrounding the presentation of the auditory stimuli (-

100 ms before and 900 ms after auditory stimulus presentation). The data were baseline 

corrected using the mean of the pre-stimulus interval and all epochs were visually 
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inspected for any remaining artifact. The remaining epochs after artifact rejection were 

averaged for each participant and Tetris® condition (pre-easy, pre-hard, post-easy and 

post-hard). All averages consisted of at least 20 epochs to obtain an adequate signal to 

noise ratio (Cohen & Polich, 1997). The grand-average waveform, collapsed across all 

participants and Tetris® conditions was employed to determine the latency of N1, P2, 

and novelty-P3 peak amplitudes. Peak amplitude was maximal at electrode Cz for the 

N1 and P2 components and was maximal at electrode FCz for the novelty-P3 

component. Time windows centered on the peak amplitude for each ERP component 

of interest were determined and mean amplitudes were extracted using a 20 ms time 

window for the N1 (159-179 ms) component and a 40 ms time window for the P2 (252-

292 ms) and novelty-P3 (345-385 ms) components. The extracted mean amplitudes 

were then tested for statistical analysis. Additionally, current source densities were 

computed and projected onto the scalp to ensure the observed topographic distribution 

for each window was consistent with those described in the literature (see Figure 7).  

Electrophysiological data: Spectral power 

 EEG data were low-passed filtered at 50 Hz with a 48-dB rolloff and notch 

filtered at 60 Hz using a zero-phase shift Butterworth filter offline. The pruning 

technique was employed and eye movement artifact was reduced using ICA-based 

ocular artifact rejection (as discussed in the ‘Electrophysiological data: ERPs’ section). 

After ICA-based ocular artifact rejection, the data were epoched into 1 s sweeps and 

baseline corrected using the mean potential (0-1000 ms). Epochs were subsequently 

visually inspected to remove any remaining artifact. Spectral power was computed 

across 1-Hz bins and summed across the frequency bandwidths theta (4-7 Hz), low-
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alpha (8-10 Hz) and high-alpha (11-13 Hz). In addition, the FT/FA ratio power as well 

as the FT/PA ratio power were computed. These spectral measures were assessed as 

they have previously been demonstrated to serve as robust indices of cognitive-motor 

effort (Gentili et al., 2018; Holm et al., 2009; Jaquess et al., 2017).  Spectral power 

values were then natural log transformed prior to statistical analysis. 

Statistical analysis 

Performance and self-report  

 Accuracy and RT for the SWM resource depletion/non-depletion protocol were 

each subjected to a 2 x 3 (Group [Experimental vs. Control] x Time [Early, Middle, 

Late]) mixed-factorial ANOVA with Time as a within-subjects factor and Group as a 

between-subjects factor. Furthermore, measures of performance on Tetris® (number of 

game overs, number of lines completed per Tetromino and number of inputs per 

Tetromino), along with self-report measures via the five items on the VAS and six 

dimensions on the NASA-TLX, were subjected to a series of 2 x 2 x 2 (Group 

[Experimental vs. Control] x Time [Pre vs. Post] x Difficulty [Easy vs. Hard]) mixed-

factorial ANOVAs with Time and Difficulty as within-subjects factors and Group as a 

between-subjects factor. When necessary post-hoc analyses were computed using the 

Tukey’s honest significant difference (HSD) test. If sphericity was violated, the 

Greenhouse-Geisser correction was employed when the epsilon (ε) estimate was below 

0.75 (Verma, 2015). Otherwise, the Huynh–Feldt correction was employed. The p-

values reported were based upon the corrected degrees of freedom. Partial eta squared 

(ηp
2) and Cohen’s d effect sizes were also provided when appropriate. All criterion 
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alpha levels were set to p < 0.05. The same corrective approach, post-hoc procedure, 

significance level and computation of effect size were employed for the EEG measures. 

ERPs  

 Mean amplitudes for each ERP component of interest (N1, P2 and novelty-P3) 

were subjected to a 2 x 2 x 2 x 4 (Group [Experimental vs. Control] x Time [Pre vs. 

Post] x Difficulty [Easy vs. Hard] x Region [Fz, FCz, Cz, Pz]) mixed-factorial ANOVA 

with Time, Difficulty and Region as within-subjects factors and Group as a between-

subjects factor.  

Spectral power 

 Spectral power values for each frequency bandwidth, with the exception of the 

theta/alpha ratios, were subjected to a 2 x 2 x 2 x 2 x 5 (Group [Experimental vs. 

Control] x Time [Pre vs. Post] x Difficulty [Easy vs. Hard] x Hemisphere [Left vs. 

Right] x Region [Frontal, Central, Temporal, Parietal, Occipital]) mixed-factorial 

ANOVA with Time, Difficulty, Hemisphere and Region as within-subjects factors and 

Group as a between-subjects factor. The FT/FA and FT/PA ratios were each subjected 

to a 2 x 2 x 2 (Group [Experimental vs. Control] x Time [Early vs. Late] x Difficulty 

[Easy vs. Hard]) mixed-factorial ANOVA with Time and Difficulty as within-subjects 

factors and Group as a between-subjects factor1. 

                                                 
1 For all behavioral and EEG metrics, a series of 2 x 2 (Group (Experimental vs. Control] x Difficulty 

[Easy vs. Hard]) mixed-factorial ANOVAs were conducted on the data collected prior to the 

experimental manipulation (i.e., pre-SWM resource depletion/non-depletion) to test for potential 

baseline differences between the two groups. Statistical analyses revealed no significant differences 

between the two groups across all metrics examined here. 
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Chapter 3: Results 

Performance 

 When considering performance during the SWM resource depletion/non-

depletion protocol, a significant Group x Time interaction (F (2, 66) = 3.934, p = 0.024, 

ηp
2= 0.107) was revealed for RT. Subsequent post-hoc analyses revealed an increased 

RT for middle compared to early (p < 0.001, d = 0.209) as well as for late compared 

to early (p = 0.001, d = 0.201) SWM resource depletion for the experimental group. 

No significant difference in RT was observed for the control group (p > 0.05). 

Furthermore, no significant results of interest were detected for accuracy on the SWM 

resource depletion/non-depletion protocol (p > 0.05). Although both groups performed 

similarly on Tetris®, significant differences were apparent between the timing in which 

the tasks were completed (pre vs. post) as well as the level of challenge (easy vs. hard). 

In particular, a significant Time x Difficulty interaction was detected for the number of 

game overs (F (1, 33) = 6.915, p = 0.013, ηp
2= 0.173). Post-hoc analyses revealed the 

number of game overs increased during the hard compared to the easy level of 

challenge before (p < 0.001, d = 4.809) and after (p < 0.001, d = 4.946) participants 

underwent the SWM resource depletion/non-depletion protocol. Post-hoc analyses also 

revealed the number of game overs decreased post- compared to pre-SWM resource 

depletion/non-depletion for the hard level of challenge (p = 0.001, d = 0.241), while no 

such difference was detected for the easy level of challenge (p = 0.954). Furthermore, 

a main effect of Time was observed for the number of lines completed per Tetromino 

piece (F (1, 33) = 12.344, p = 0.001, ηp
2= 0.272), revealing a greater number of lines 

completed while participants played Tetris® post- compared to pre-SWM resource 
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depletion/non-depletion. Lastly, a main effect of Difficulty was revealed for the number 

of inputs (F (1, 33) = 18.391, p < 0.001, ηp
2= 0.358) as well as the number of lines 

completed (F (1, 33) = 255.482, p < 0.001, ηp
2= 0.886) per Tetromino piece, such that 

there was a decreased number of inputs and number of lines completed during the hard 

compared to the easy level of challenge (Figure 4). 

Self-report 

VAS 

 Statistical analyses revealed a main effect of Time for the third (ease: F (1, 33) 

= 8.654, p = 0.006, ηp
2= 0.208) and fifth (tiredness: F (1, 33) = 15.858, p < 0.001, ηp

2= 

0.325) items on the VAS. In particular, participants reported decreased perception of 

task difficulty as well as increased tiredness after compared to before completing the 

SWM resource depletion/non-depletion protocol. A main effect of Difficulty was also 

detected for the first (mental load: F (1, 33) = 105.280, p < 0.001, ηp
2= 0.761), third 

(ease: F (1, 33) = 252.611, p < 0.001, ηp
2= 0.884) and fifth (tiredness: F (1, 33) = 

 
Figure 4. Performance pre- and post-SWM resource depletion/non-depletion while participants 

played Tetris® at an easy (gray bars) and hard (black bars) level of difficulty. The number of times 

the participants failed and had to restart the task (i.e., game overs), the number of lines completed 

per piece, and the number of inputs per piece are represented in the left, middle, and right panels, 

respectively. *p<0.05; **p<0.01; ***p<0.001. 
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46.153, p < 0.001, ηp
2= 0.583) items on the VAS. Participants reported increased levels 

of perceived mental load, task difficulty and tiredness for the hard (relative to easy) 

level of challenge. When examining the second (overwhelmed) item on the VAS, a 

significant Time x Difficulty interaction (F (1, 33) = 6.420, p = 0.016, ηp
2= 0.163) was 

observed. Subsequent post-hoc analyses revealed all participants reported feeling more 

overwhelmed as the level of challenge became elevated (hard vs. easy) before (p < 

0.001, d = 2.710) and after (p < 0.001, d = 1.555) SWM resource depletion/non-

depletion. Additionally, participants reported feeling more overwhelmed when playing 

Tetris® at the hard level of challenge post- compared to pre-SWM resource 

depletion/non-depletion (p = 0.047, d = 0.311). Lastly, a significant Group x Time x 

Difficulty interaction for the fourth (concentration) item on the VAS was detected (F 

(1, 33) = 5.210, p = 0.029, ηp
2= 0.136). The post-hoc analyses revealed participants in 

both groups reported elevated levels of concentration for the hard compared to the easy 

level of challenge before (experimental: p < 0.001, d = 1.898; control: p < 0.001, d = 

1.527) and after (experimental: p < 0.001, d = 1.596; control: p < 0.001, d = 1.918) 

completing the SWM resource depletion/non-depletion protocol. Furthermore, 

participants in the control group reported decreased levels of concentration while 

playing Tetris® at the easy level of challenge after compared to before completing the 

SWM resource depletion/non-depletion protocol (p < 0.001, d = 0.674); Figure 5. 
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NASA-TLX 

 The NASA-TLX scores revealed a significant main effect of Time, as 

participants reported decreased levels of frustration (F (1, 33) = 5.111, p = 0.030, ηp
2= 

0.134) post- compared to pre-SWM resource depletion/non-depletion. A significant 

main effect of Difficulty was also revealed, such that participants reported significantly 

higher levels of mental demand (F (1, 33) = 189.716, p < 0.001, ηp
2= 0.852), physical 

demand (F (1, 33) = 31.788, p < 0.001, ηp
2= 0.491), effort (F (1, 33) = 118.863, p < 

0.001, ηp
2= 0.783) and frustration (F (1, 33) = 128.852, p < 0.001, ηp

2= 0.796) for the 

hard compared to the easy level of challenge. Furthermore, a significant Time x 

Difficulty interaction was observed for the temporal demand (F (1, 33) = 5.274, p = 

0.028, ηp
2= 0.138) and performance (F (1, 33) = 4.301, p = 0.046, ηp

2= 0.115) 

 
Figure 5. Mean and standard error self-report scores on the VAS obtained for the easy (solid grey 

bars) and hard (solid black bars) levels of challenge before and after SWM resource depletion/non-

depletion for the experimental (Q4; left column, bottom row) and control (Q4; middle column, 

bottom row) group as well as collapsed across both groups of participants (Q1, Q2, Q3, Q5). See 

Appendix A or main text for a description of the questions. *p<0.05; **p<0.01; ***p<0.001. 
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dimensions. Subsequent post-hoc analyses revealed participants reported increased 

temporal demand and decreased performance during the hard compared to the easy 

level challenge before (temporal demand: p < 0.001, d = 5.729; performance: p < 0.001, 

d = 3.389) and after (temporal demand: p < 0.001, d = 2.948; performance: p < 0.001, 

d = 2.669) SWM resource depletion/non-depletion. Furthermore, participants reported 

decreased temporal demand and increased performance post- relative to pre-SWM 

resource depletion/non-depletion during the hard level of challenge only (temporal 

demand: p = 0.002, d = 0.636; performance: p = 0.002, d = 0.680); see Figure 6. 

 
Figure 6. Mean and standard error NASA-TLX scores for each dimension obtained for both easy 

(solid grey bars) and hard (solid black bars) levels of challenge before and after SWM resource 

depletion/non-depletion. M: Mental demand; Ph: Physical demand; T: Temporal demand; Pe: 

Performance; E: Effort; F: Frustration (see Appendix B or Hart and Staveland, 1988 for the 

description of each question). *:p < 0.05; **: p < 0.01; ***: p < 0.001. 
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ERPs 

N1 

 When examining the N1 component, a main effect of Time (F (1, 33) = 9.208, 

p = 0.005, ηp
2= 0.218) was detected. In particular, N1 amplitude was significantly 

attenuated while participants played Tetris® after compared to before completing the 

SWM resource depletion/non-depletion protocol (Figure 8). 

 
Figure 7. The first two columns represent the grand-average ERP waveforms for the easy (gray lines) 

and hard (black lines) level of Tetris® challenge before (solid lines) and after (dashed lines) SWM 

resource depletion//non-depletion for the experimental (first column) and control (second column) 

group at the four scalp sites (Fz, FCz, Cz and Pz). The last column represents the current source 

density plots projected onto the scalp topography for the N1, P2 and novelty-P3 components. 
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 P2 

 For the P2 component, a significant Difficulty x Region interaction (F (1.848, 

60.970) = 8.340, p = 0.001, ηp
2= 0.202, ε = 0.616) was observed. Subsequent post-hoc 

analyses revealed a reduced P2 amplitude at all electrode sites of interest (Fz, FCz, Cz 

and Pz) for the hard compared to the easy level of challenge  (p < 0.001, 0.327 ≤ d ≤ 

0.535). Additionally, a significant Group x Time x Region interaction (F (1.890, 

62.360) = 4.173, p = 0.022, ηp
2= 0.112, ε = 0.630) was detected. The post-hoc analyses 

revealed an increased P2 amplitude post- relative to pre-SWM resource depletion at all 

four electrode sites for the experimental group (p < 0.001, 0.471 ≤ d ≤ 0.532). 

 
Figure 8. Mean amplitudes recorded at all scalp sites of interest (Fz, FCz, Cz, Pz) while 

participants played Tetris®: i) under an easy (solid grey bars) and hard (solid black bars) level of 

challenge for the P2 component (left column, bottom row) as well as ii) before (grey stripped bars) 

and after (black stripped bars) SWM resource depletion/non-depletion for the N1 component 

collapsed across both groups (left column, top row) and for the P2 component in the experimental 

group (right column, top row) as well as the control group (right column, bottom row). *p < 0.05; 

**p < 0.01; ***p < 0.001. 
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Conversely, a decreased P2 amplitude after compared to before SWM resource non-

depletion was detected at all four electrode sites for the control group (p < 0.001, 0.365 

≤ d ≤ 0.450); see Figure 8. 

Novelty-P3 

 Statistical analysis of the novelty-P3 component revealed a significant Group x 

Time x Difficulty x Region interaction (F (1.620, 53.453) = 3.432, p = 0.049, ηp
2= 

0.094, ε = 0.540). To further investigate this four-way interaction, separate Time x 

Difficulty x Region ANOVAs were conducted for each group. For the experimental 

group, a significant Time x Difficulty x Region interaction was detected (F (1.333, 

23.987) = 7.133, p = 0.008, ηp
2= 0.284, ε = 0.444). Post-hoc analyses revealed a 

decreased novelty-P3 amplitude for the hard compared to the easy level of challenge at 

electrode sites Cz (p = 0.003, d = 0.330) and Pz (p < 0.001, d = 0.414) pre-SMW 

resource depletion and at electrode sites Fz (p < 0.001, d = 0.662), FCz (p < 0.001, d = 

0.632) and Cz (p < 0.001, d = 0.604) post-SMW resource depletion. Furthermore, 

novelty-P3 amplitude was significantly reduced post- compared to pre-SWM resource 

depletion at all four electrode sites for both the easy (p < 0.001, 0.396 ≤ d ≤ 0.868) and 

hard (p < 0.001, 0.533 ≤ d ≤ 0.827) level of challenge. When examining the control 

group, a main effect of Difficulty (F (1, 15) = 6.367, p = 0.023, ηp
2= 0.298) was 

revealed. In particular, the novelty-P3 amplitude was attenuated during the hard 

compared to the easy level of challenge. A significant Time x Region interaction (F 

(1.939, 29.080) = 3.476, p = 0.046, ηp
2= 0.188, ε = 0.646) was also observed for the 

control group. The subsequent post-hoc analyses revealed a reduced novelty-P3 
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amplitude at all four electrode sites of interest (Fz, FCz, Cz and Pz) post- compared to 

pre-SWM resource non-depletion (p < 0.001, 0.936 ≤ d ≤ 1.153); Figure 9. 

Spectral power 

Theta 

 A significant Group x Time x Difficulty x Region interaction (F (2.610, 86.118) 

= 3.333, p = 0.029, ηp
2= 0.092, ε = 0.652) was revealed for theta power. Separate Time 

x Difficulty x Region ANOVAs were conducted for each group to further investigate 

this four-way interaction. For the experimental group, a significant Time x Difficulty 

x Region interaction (F (2.470, 44.464) = 4.313, p = 0.014, ηp
2= 0.193, ε = 0.618) was 

detected. Subsequent post-hoc analyses revealed theta power was elevated for the hard 

 
Figure 9. Mean amplitudes for the novelty-P3 component recorded at scalp sites Fz, FCz, Cz and 

Pz (left column) and spectral power for the theta (4-7 Hz) frequency bandwidth recorded in the 

frontal (F), central (C), temporal (T), parietal (P) and occipital (O) regions (right column) while 

participants in the experimental group (top row) and the control group (bottom row) played 

Tetris® under an easy (grey bars) and hard (black bars) level of challenge pre- and post-SWM 

resource depletion/non-depletion. *p < 0.05; **p < 0.01; ***p < 0.001. 
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compared to the easy level of challenge at the frontal, central, temporal, parietal and 

occipital cortical regions (p < 0.001, 0.358 ≤ d ≤ 0.886) before SWM resource depletion 

as well as at the central (p = 0.001, d = 0.362), parietal (p = 0.033, d = 0.284) and 

occipital (p < 0.001, d = 0.414) cortical regions after SWM resource depletion. 

Furthermore, a significant increase in temporal theta power during the easy level of 

challenge (p = 0.001, d = 0.344) and a significant decrease in temporal theta power 

during the hard level of challenge was observed (p = 0.039, d = 0.323) post- compared 

to pre-SWM resource depletion. For the control group, a main effect of Difficulty (F 

(1, 15) = 27.739, p < 0.001, ηp
2= 0.649) was revealed, such that theta power was 

significantly greater for the hard compared to the easy level of challenge (Figure 9). 

Low-alpha 

 For low-alpha power, a main effect of Time (F (1, 33) = 6.993, p = 0.012, ηp
2= 

0.175) was revealed. In particular, low-alpha power increased post- compared to pre-

SWM resource depletion/non-depletion. Additionally, a significant Group x Difficulty 

x Region interaction (F (3.556, 117.354) = 3.321, p = 0.016, ηp
2= 0.091, ε = 0.774) was 

detected. Post-hoc analyses revealed an increased low-alpha power for the 

experimental group during the hard relative to the easy level of challenge localized to 

the frontal (p = 0.029, d = 0.228) as well as the central, temporal, parietal and occipital 

(p < 0.001, 0.355 ≤ d ≤ 0.690) cortical regions. Similarly, low-alpha power was 

elevated for the control group during the hard compared to the easy level of challenge 

localized to the central (p = 0.020, d = 0.226), temporal (p < 0.001, d = 0.466), parietal 

(p < 0.001, d = 0.304) and occipital (p = 0.002, d = 0.222) cortical regions. No 
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significant differences were observed when directly comparing low-alpha power 

between the two groups (p > 0.05); see Figure 10. 

High-alpha 

 When examining high-alpha power, a significant Time x Difficulty x 

Hemisphere x Region interaction (F (2.047, 67.543) = 3.159, p = 0.048, ηp
2= 0.087, ε 

= 0.512) was observed. To further investigate this four-way interaction, separate Time 

 
Figure 10. Spectral power for the low-alpha (8–10 Hz) frequency bandwidth recorded in the 

frontal (F), central (C), temporal (T), parietal (P) and occipital (O) regions while participants in 

the experimental group (top row) and the control group (bottom row) played Tetris® under an 

easy (solid grey bars) and hard (solid black bars) level of challenge collapsed across pre- and post-

SWM resource depletion/non-depletion. *p < 0.05; **p < 0.01; ***p < 0.001. 
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x Difficulty x Hemisphere ANOVAs were conducted for each cortical region of 

interest. For the frontal cortical region, a significant Time x Difficulty x Hemisphere 

interaction (F (1, 34) = 9.253, p = 0.005, ηp
2= 0.214) was detected. The subsequent 

post-hoc analyses revealed increased frontal high-alpha power localized to the right 

hemisphere for the hard compared to the easy level of challenge (p = 0.032, d = 0.185) 

after participants completed the SWM resource depletion/non-depletion protocol. 

Additionally, frontal high-alpha power localized to the right hemisphere was elevated 

post- compared to pre-SWM resource depletion/non-depletion (p = 0.018, d = 0.222) 

for the hard level of challenge only. When examining the central cortical region, no 

significant results of interest were detected (p > 0.05). For the temporal cortical region, 

a significant Time x Difficulty interaction (F (1, 34) = 9.513, p = 0.004, ηp
2= 0.219) 

was observed. Post-hoc analyses revealed elevated temporal high-alpha power for the 

hard compared to the easy level of challenge pre-SWM resource depletion/non-

depletion (p < 0.001, d = 0.634). A main effect of Time (F (1, 34) = 5.649, p = 0.023, 

ηp
2= 0.142) was detected for the parietal cortical region, such that high-alpha power 

increased post- compared to pre-SWM resource depletion/non-depletion. Furthermore, 

a significant Difficulty x Hemisphere interaction (F (1, 34) = 6.030, p = 0.019, ηp
2= 

0.151) was observed for the parietal cortical region. Subsequent post-hoc analyses did 

not reveal any significant results of interest (p > 0.05). For the occipital cortical region, 

a main effect of Time (F (1, 34) = 4.171, p = 0.049, ηp
2= 0.109) was observed, revealing 

increased high-alpha power after compared to before participants completed the SWM 

resource depletion/non-depletion protocol (Figure 11). 



 

 

36 

 

Theta/alpha ratio 

 Statistical analysis of the FT/PA ratio power did not reveal any significant 

results of interest. However, a main effect of Time (F (1, 33) = 12.246, p = 0.001, ηp
2= 

0.271) revealed the FT/FA ratio power significantly decreased as participants in both 

groups played Tetris® after relative to before completing the SWM resource 

depletion/non-depletion protocol (Figure 12). 

 

 
Figure 11. Spectral power for the high-alpha (11–13 Hz) frequency bandwidth recorded in the 

frontal, central (not depicted here), temporal, parietal and occipital regions while participants 

played Tetris® under an easy (solid grey bars) and hard (solid black bars) level of challenge before 

and after completing the SWM resource depletion/non-depletion paradigm. The top row reflects 

frontal high-alpha power in the right hemisphere and temporal high-alpha power across both 

hemispheres. The bottom row reflects parietal and occipital high-alpha power across both 

hemispheres.  *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 12. Spectral power ratios for the frontal and parietal regions pre- compared to post-SWM 

resource depletion/non-depletion collapsed across groups of participants (experimental vs. 

control) and levels of challenge (easy vs. hard). The left and right columns represent the frontal 

theta/frontal alpha ratio spectral power and the frontal theta/parietal alpha ratio spectral power, 

respectively. *p<0.05; **p<0.01; ***p<0.001 
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Chapter 4: Discussion 

 This study examined the effect of SWM resource depletion on subsequent 

cognitive-motor performance through a combined assessment of temporal and spectral 

EEG measures to better understand the role of SWM in cognitive-motor behavior. Two 

groups of participants underwent the same experimental procedures with the exception 

that participants assigned to the experimental group underwent a depleting SWM 

protocol, while participants assigned to the control group underwent a non-depleting 

SWM protocol. The findings revealed similarities between both groups as a function 

of: i) cognitive-motor difficulty independent of the main experimental manipulation 

(i.e., SWM resource depletion) as well as ii) the timing in which the tasks were 

performed (i.e., pre- vs. post-SWM resource depletion/non-depletion) possibly due to 

a practice effect. Additionally, between-group differences were apparent as a result of 

the timing in which the tasks were performed. This suggests there may be a 

neurocognitive benefit as well as cost related to SWM resource depletion which is 

dependent on the level of subsequent cognitive-motor challenge. 

Variations in cognitive-motor demand independent of SWM resource depletion  

 As expected, behavioral performance was degraded for the hard compared to 

the easy level of challenge across both groups, irrespective of the timing in which the 

task was performed. Similar findings in performance have been reported in prior work 

that employed the same cognitive-motor task (i.e., Tetris®) under varying levels of 

demand (Gentili et al., 2018; Miller et al., 2011; Rietschel et al., 2012). The observed 

impairment in performance under elevated cognitive-motor challenge was 
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accompanied with an elevation of the perceived demand (via self-report) as well as a 

diminished attentional reserve. In regard to the latter, our findings revealed an 

attenuated novelty-P3 amplitude for both groups as task difficulty increased, regardless 

of the timing in which participants performed the task. The reduction in novelty-P3 

amplitude likely reflects a decreased attentional reserve, such that fewer residual 

attentional resources were available to allocate to the task-irrelevant sounds as the 

cognitive-motor task demands became elevated. This finding is in line with prior work 

which revealed a similar modulatory response in novelty-P3 amplitude under varying 

levels of task demand (Dyke et al., 2015; Gentili et al. 2018; Miller et al., 2011; 

Rietschel et al., 2014; SanMiguel et al., 2008; Shaw et al., 2018; Ullsperger et al., 2001) 

and provides further support for the use of the task-irrelevant novel auditory probe 

technique to assess changes in novelty-P3 component amplitude as a function of 

cognitive-motor challenge. Although our main analysis was focused on the novelty-P3 

component due to its sensitivity in attentional reserve assessment (Dyke et al., 2015; 

Gentili et al., 2018; Jaquess et al., 2017; Miller et al., 2011; Rietschel et al., 2014; 

Ullsperger et al., 2001), N1 and P2 components were also examined as they have been 

shown to be modulated by attention (Hillyard et al., 1973; Miller et al., 2011; Picton & 

Hillyard, 1974). The results revealed reduced P2 amplitude during the hard compared 

to the easy level of challenge across both groups and the timing of task completion. 

This finding is also in agreement with other prior work which reported decreased P2 

amplitude under elevated levels of task demand and aligns with the novelty-P3 findings 

in this study (Allison & Polich, 2008; Miller et al., 2011).  
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 Similar to the ERP results, analyses of spectral power within the theta frequency 

bandwidth revealed changes as a function of cognitive-motor challenge. Here, we 

examined theta due to its sensitivity in detecting fluctuations in resource allocation 

related to cognitive-motor processes under varying task demands (e.g., Chuang et al., 

2013; Rietschel et al., 2012; Shaw et al., 2018; 2019). The findings for theta power 

generally corresponded with the results for performance, self-report and the ERPs. In 

particular, enhanced theta power was observed for the control group across all cortical 

regions (frontal, central, temporal, parietal and occipital) and time periods (pre- and 

post-SWM resource non-depletion) as cognitive-motor difficulty increased. Similar 

patterns in theta synchrony were apparent for the experimental group, with a few 

notable exceptions post-SWM resource depletion (see below the section “The 

neurocognitive cost of SWM resource depletion” for further detail). The increase in 

theta power as cognitive-motor demand became elevated was not unexpected as theta 

synchrony, in particular frontal theta synchrony, could reflect an increased engagement 

of working memory and attentional control (Chuang et al., 2013; Coombes et al., 2005; 

Gentili et al., 2018; Gevins & Smith, 2000; Gevins et al., 1997, 1998; Klimesch, 1999; 

Rietschel et al., 2012; Sauseng et al., 2007; Shaw et al., 2018, 2019). Overall, the 

detected changes in theta power, along with the pattern of change in behavior and the 

ERP amplitudes, validate cognitive-motor challenge was successfully altered across 

both groups of participants independent of the main experimental manipulation (i.e., 

resource depletion). 
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Time-dependent similarities between groups due to an effect of practice  

 In addition to the observed difficulty-dependent changes previously discussed, 

changes were apparent in relation to the timing in which participants performed the 

cognitive-motor task. In particular, a significant reduction in N1 and novelty-P3 

amplitude was observed post- compared to pre-SWM resource depletion/non-depletion 

for both groups of participants and levels of task demand which may reflect a 

diminished sensory and early attentional processing of the auditory stimuli (Hillyard et 

al., 1973; Mangun, 1995; Picton & Hillyard, 1974) as well as a decreased attentional 

reserve (e.g., Miller et al., 2011; Rietschel et al., 2014), respectively. This pattern of 

electro-cortical activity may reflect a possible reduction in participants’ attentional 

capacities resulting in a numbing of the reflexive orienting of attention to the auditory 

probes due to the SWM resource depletion protocol. However, contrary to 

expectations, the same findings were observed for the control group. The SWM non-

depletion paradigm employed in this study for the control group may have had 

unintended depleting effects as participants were expected to memorize target locations 

and maintain this information in working memory for a brief amount of time (200 ms). 

Thus, the attenuated novelty-P3 amplitudes may suggest both groups exhibited a 

reduced attentional capacity overall, but could still allocate attentional resources in a 

graded manner based on the level of cognitive-motor challenge. One may argue that 

the decrease in N1 and novelty-P3 amplitude post- compared to pre-SWM resource 

depletion/non-depletion is a result of habituation to the sounds (Naatanen & Picton, 

1987; Ritter et al., 1968). Although this is possible, there are two counterarguments as 

to why this observed reduction in amplitudes may not solely reflect habituation. First 
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as previously discussed, difficulty-related modulation of the novelty-P3 component 

amplitude was apparent, with a significantly attenuated amplitude for the hard 

compared to the easy level of challenge, irrespective of the timing in which the task 

was executed. If habituation to the sounds did indeed occur, it is likely that modulation 

of the novelty-P3 component between the levels of challenge would have been absent 

after the completion of the SWM resource depletion/non-depletion protocol (Allison & 

Polich, 2008; Dyke et al., 2015; Miller et al., 2011). However, this was not observed. 

Second, intermittently presented novel and complex auditory probes were employed in 

the current investigation which was previously demonstrated to be a more robust 

approach in capturing attention compared to pure tones (Dyke et al., 2015; Miller et al., 

2011).  

 It is important to note that although behavioral performance on the SWM 

resource depletion protocol became worse over time (i.e., increase in RT) for the 

experimental group, no such impairment in performance on the SWM resource non-

depletion protocol was detected for the control group. Further analyses of the 

underlying cortical dynamics are warranted, but the behavioral data alone may suggest 

resource depletion did not occur in the control group and thus is not the cause for the 

reduction in novelty-P3 amplitude. Furthermore, the behavioral analyses for the 

cognitive-motor task revealed that both groups improved similarly in performance 

(e.g., decreased number of game overs and increased lines per Tetromino) and reported 

a decrease in perceived task demands as well as an improved performance on the hard 

level of challenge post- compared to pre-SWM resource depletion/non-depletion. 

When considering performance and self-report measures for both groups, the 
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interpretation that the observed reduction in attentional reserve reflects decreased 

attentional capacity due to the SWM resource depletion/non-depletion protocol is 

unlikely. As previously mentioned, the SWM resource non-depletion paradigm 

employed for the control group likely engaged working memory and visuomotor 

processing to some extent. Thus, the SWM resource depletion/non-depletion protocol 

may have resulted in an unexpected positive transfer of skill relevant to the successful 

completion of Tetris® (e.g., rotation of the Tetrominoes; maintaining the shape of the 

Tetrominoes in working memory for assembly) due to practice which also had some 

neurocognitive benefit. Namely, training of working memory on the SWM resource 

depletion/non-depletion protocol enhanced the efficacy of the central executive to 

inhibit attentional resource allocation to task-irrelevant information (i.e., auditory 

probes) in order to maintain information in working memory related to the primary task 

(i.e., Tetris®) post- compared to pre-SWM resource depletion/non-depletion 

(SanMiguel et al., 2008; Simon et al., 2016). In line with this notion, it is likely the 

participants were able to better engage in the cognitive-motor task after compared to 

before SWM resource depletion/non-depletion (Leiker et al., 2016). This aligns with 

the observed reduction in novelty-P3 amplitude as well as the attenuated N1 amplitude 

post-SWM resource depletion/non-depletion. Notably, all participants reported playing 

videogames less than four hours on average per week over the past year and had 

minimal-to-no prior Tetris® experience. Since all participants were novices, it is also 

feasible that the mere act of playing Tetris® a second time (i.e., post-SWM resource 

depletion/non-depletion) at each level of difficulty may have also contributed to an 
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improved performance independent of the SWM resource depletion/non-depletion 

protocol.  

 Further support is provided by an increased low-and high-alpha power post-

compared to pre-SWM resource depletion/non-depletion, which may be indicative of 

cortical refinement often observed within the context of practice and expert 

performance (Baumeister et al., 2008; Gentili et al., 2011; Gevins & Smith, 2000; 

Gevins et al., 1997; Haufler et al., 2000; Smith et al., 1999). The increased low- and 

high-alpha power observed under elevated task demand as well as post- compared to 

pre-SWM resource depletion/non-depletion likely reflects variations in cortical 

activation related to general (low-alpha) as well as task-specific (high-alpha) arousal 

(Haufler et al., 2000; Klimesch, 1999; Rietschel et al., 2012; Smith et al., 1999). In 

particular, the population recruited in this study (novice video gamers) exhibited 

elevated levels of unspecific arousal (low-alpha desynchrony) across the entire scalp 

before compared to  after SWM resource depletion/non-depletion, which has been 

suggested to reflect the first step in skill acquisition (Baumeister et al., 2008). 

Interestingly, this elevation in global unspecific arousal corresponded with an increased 

novelty-P3 component amplitude (i.e., more attentional resources were allocated to 

task-irrelevant auditory probes) pre- relative to post-SWM resource depletion/non-

depletion. It can be speculated that when performing the task for the first time, 

participants were unfamiliar with what specific information/detail was pertinent for 

successful performance and thus purposefully elevated their arousal to attend to as 

much information as possible. Furthermore, the increased high-alpha power localized 

to the frontal (specific to the hard challenge), parietal and occipital cortical regions 



 

 

45 

 

post-SWM resource depletion/non-depletion may reflect a decreased engagement of 

task-relevant processes (e.g., high-level multisensory integration, object recognition), 

reflecting a refinement of cortical dynamics possibly due to practice via the SWM 

resource depletion/non-depletion protocol and/or from repeated performance of game 

play (Baumeister et al., 2008; Smith et al., 1999; Vanni et al., 1997).  

 There was also an increase in low- and high-alpha power for the hard relative 

to the easy level of challenge. This finding was unexpected, as prior work has linked 

elevated task demands with alpha desynchrony due to an increased engagement of 

cognitive-motor processes necessary to overcome the challenge (e.g., Gentili et al., 

2018; Rietschel et al., 2012; Shaw et al., 2018). However, this increase in low- and 

high-alpha may in part reflect a cortical disengagement for the hard level of challenge 

pre-SWM resource depletion/non-depletion as a result of the game being too difficult 

for the population recruited in this study (novice video gamers). In particular, temporal 

high-alpha power was elevated during the hard compared to the easy level of challenge 

on Tetris® before participants underwent the SWM resource depletion/non-depletion 

protocol, but no such difference was apparent after SWM resource depletion/non-

depletion. The increase in temporal high-alpha power observed in both groups may 

reflect participants’ failure to engage in task-specific processes (e.g., visuospatial 

processing) due to their prior inexperience playing Tetris® (Haufler et al., 2000). 

However, the lack of temporal high-alpha modulation post-SWM resource 

depletion/non-depletion may reflect participants’ enhanced ability to engage these 

processes under the difficult level of challenge possibly due to practice. Notably, the 

cortical refinement discussed here, mirrored the improvement in performance (e.g., 
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decreased number of game overs post- compared to pre-SWM resource depletion/non-

depletion for the hard level of difficulty). It must be noted that the observed increase in 

low-alpha power for the hard compared to the easy level of challenge across both time 

periods (pre- and post-SWM resource depletion/non-depletion) may reflect a 

combination of cortical disengagement and cortical refinement pre- and post-SWM 

resource depletion, respectively. Collectively, the elevated low- and high-alpha power 

observed in the current investigation likely reflects a combination of general as well as 

task-specific cortical refinement post-SWM resource depletion/non-depletion as well 

as disengagement from the task pre-SWM resource depletion/non-depletion. There was 

also a significant decrease in the FT/FA ratio power post- compared to pre-SWM 

resource depletion/non-depletion. However, this was likely driven by the enhanced 

alpha power discussed here, as frontal theta synchrony was not observed post- relative 

to pre-SWM resource depletion/non-depletion. 

The neurocognitive cost of SWM resource depletion 

 While similarities in brain dynamics were apparent, there were also a few 

notable discrepancies between the two groups. First, a time-dependent dissociation in 

the modulation of P2 amplitude was observed between the two groups. The amplitude 

of the P2 component significantly increased for the experimental group, but 

significantly decreased for the control group post- compared to pre-SWM resource 

depletion/non-depletion. While the exact nature of P2 is not as well understood as the 

other components examined in this study, P2 is believed to reflect obligatory early 

sensory processing that is sensitive to attentional demands (Miller et al., 2011; Picton 

& Hillyard, 1974). Prior work has shown that when compared to controls, special 
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populations with attentional and cognitive function impairments (e.g., children with 

attention deficit hyperactivity disorder and reading impairments) exhibit increased P2 

amplitude elicited by both targets and non-targets in an auditory oddball task. Such a 

finding has been suggested to reflect deficiencies in these populations’ ability to 

withdraw attentional resource allocation from task-irrelevant information (Bernal et al., 

2000; Senderecka et al., 2012). Thus, it is possible that the increase in P2 amplitude for 

the experimental group may suggest the SWM resource depletion paradigm weakened 

attentional processing to some extent.  

 Second, the source of the differences in novelty-P3 modulation between the 

easy and hard level of challenge varied depending on the timing in which the task was 

executed for the experimental group, while no such difference was observed for the 

control group. In particular, modulation in novelty-P3 amplitude was localized to the 

central and parietal scalp sites (electrodes Cz and Pz) pre-SWM resource depletion, but 

had a more fronto-central localization (electrodes Fz, FCz and Cz) post-SWM resource 

depletion. It is possible SWM resource depletion resulted in this differentiation 

between the two groups, however future work employing source localization methods 

(e.g., sLORETA; Jatori et al., 2014) is needed to provide further insight. Lastly, the 

control group exhibited elevated theta power across all cortical regions as the level of 

cognitive-motor challenge increased irrespective of the time in which participants 

performed the task. This is in line with prior work which has reported elevated theta 

power for the maintenance of cognitive and cognitive-motor performance under 

increased task demands (Gevins et al., 1997; Gentili et al., 2018; Klimesh, 1999; 

Sauseng et al., 2007; Shaw et al., 2018, 2019). Although similar difficulty-dependent 
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increases in theta power were apparent for the experimental group pre-SWM resource 

depletion, this adaptive response was absent within the frontal and temporal cortical 

regions post-SWM resource depletion. The SWM resource depletion protocol may 

have resulted in a lack of modulatory response in frontal and temporal theta synchrony 

for the experimental group as the level of challenge became elevated, thus reflecting a 

failure to engage specific cognitive-motor processes (e.g., working memory, attentional 

control, visuospatial) important for successful task performance (Chuang et al., 2013; 

Coombes et al., 2005; Gentili et al., 2018; Rietschel et al., 2012; Sauseng et al., 2007; 

Shaw et al., 2018, 2019). This lack of engagement may have resulted in a weakened 

attentional system as reflected by the P2 component previously discussed.  

 Additionally, the modulation of temporal theta power pre- compared to post-

SWM resource depletion in the experimental group differed depending on the level of 

cognitive-motor challenge. Prior neuroimaging work has reported elevated levels of 

theta synchrony in expert performers as well as during the acquisition of a skill 

(Baumeister et al., 2008; Caplan et al., 2003; Doppelmayr et al., 2008; Gentili et al., 

2011; Gevins et al., 1997; Haufler et al., 2000; Smith et al., 1999). While most of this 

work focused on frontal theta synchrony, reports of elevated theta power has also been 

extended to other cortical regions during cognitive-motor learning (Gentili et al., 2011; 

Jaquess et al., 2017; Perfetti et al., 2011). This increase in theta, along with increases 

in alpha have been suggested to reflect elevated engagement with task demands while 

also exhibiting economical resource allocation (Haufler et al., 2000). In the current 

investigation participants exhibited a significant decrease and increase in temporal 

theta power during the hard and easy level of challenge, respectively. Given prior 
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reports, the decrease in temporal theta for the hard level of challenge may be indicative 

of successful resource depletion, such that resource depletion led to decreased 

engagement of specific cognitive-motor processes (spatial memory, visuospatial 

processes) commonly associated with the temporal cortical region (Chauviere et al., 

2009; Haufler et al., 2000). Interestingly, the increase in temporal theta power for the 

easy level of challenge may suggest the SWM resource depletion protocol also served 

as intensive training which translated in an enhanced capability to recruit resources 

related to these same cognitive-motor processes critical for successful Tetris® 

performance. Thus, despite the associated neural cost mentioned above, these findings 

suggest there is also a benefit related to the intensive recruitment of specific cognitive-

motor processes on subsequent tasks requiring the same processes in novice 

performers. It is important to note that no significant differences were apparent between 

the two groups for all outcome measures assessed in the current investigation (behavior 

and EEG) prior to undergoing SWM resource depletion. Thus, it is likely the 

differences in brain dynamics between the two groups discussed here is a result of the 

experimental manipulation employed in this work (i.e., resource depletion).  

 The findings in the current work extend and support prior behavioral and 

neuroimaging studies on resource depletion which have generally reported decreased 

performance as well as neural activation (Inzlicht & Gutsell, 2007; Persson et al., 2009, 

2013; Wagner et al., 2013). Although performance decrements specific to SWM 

resource depletion was not observed, performance in the subsequent task improved 

within the population considered here. Such an improvement in performance is likely 

due to an unintended effect of practice as novice performers were employed in this 
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study. Although depletion effects were apparent, they were subtle and combined with 

possible practice effects. Prior work has mainly employed resource depletion within 

the context of purely cognitive performance and utilized tasks that were not novel to 

participants (e.g., Persson et al., 2009, 2013). The one behavioral study to employ 

SWM resource depletion within the context of cognitive-motor learning (i.e., 

visuomotor adaptation) reported a moderate correlation between SWM performance on 

the depletion task and the rate of adaptation. It is important to note that the visuomotor 

adaptation task entails the modification of a previously well-established motor plan 

which may be less involved compared to learning a brand new skill to be added to the 

individual’s motor repertoire, as may have been the case in the current study (i.e., learn 

to play a new video game without any experience in this broadly defined area) 

(Krakaeur & Mazzoni, 2011; Shadmehr & Wise, 2005). Furthermore, in the visuomotor 

adaptation task employed by Anguera et al., (2012), visual feedback of movement 

trajectories were suddenly rotated 30° clockwise. The amplitude of this rotation is 

limited, as prior work has suggested the manner in which the distortion of movement 

trajectories is implemented may differentially recruit high-level cognitive processes 

(Buch, Young, & Contreras-Vidal, 2003; Ingram et al., 2000; Werner et al., 2014). 

Thus, the lack of a strong perturbation may have also weakened the magnitude of 

learning within this context.  

Conclusions, limitations and future work 

 In the current investigation all participants were novice video game players who 

had limited prior Tetris® experience. This recruitment was strategic as participants 

who were experienced video game players ( > 50 hours experience) in prior pilot work 
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reported developing strategies that enabled them to bypass the mental rotation aspect 

of the SWM resource depletion task, thus limiting the efficacy of depletion. However, 

recruiting novices resulted in some unintended effects of practice which convoluted the 

evaluation of resource depletion. Although all participants had the opportunity to 

familiarize themselves with Tetris® before the start of data collection, future work may 

benefit from employing more intensive training on the task beforehand and/or 

recruiting individuals with moderate video game and Tetris® experience who would 

be less likely to develop strategies as well as exhibit effects of practice. In relation to 

this, there is evidence which suggests differences in executive capacity exists across 

individuals (de Fockert, 2013; Murphy et al., 2016; Simon et al., 2016). Potential 

differences in SWM abilities between participants were not accounted for here and 

could be considered as an additional limitation of this work. Future analyses should be 

conducted to examine how individual differences correspond to cognitive-motor 

performance following SWM resource depletion. It is possible that individuals with 

high compared to low SWM capacities were better capable to overcome SWM resource 

depletion. Furthermore, although the current investigation reported changes in 

behavioral performance during the SWM resource depletion/non-depletion task, 

further analysis of the underlying cortical dynamics is warranted and would provide 

further insight for performance on the subsequent cognitive-motor tasks. Prior 

neuroimaging work on resource depletion has mainly employed fMRI to evaluate 

neural activation at discrete time points (e.g., pre- and post-depletion). The underlying 

brain dynamics during resource depletion still remains unknown. The use of EEG could 

track the progression of cortical dynamics throughout the process of SWM resource 
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depletion with high temporal resolution which would allow for the examination of brain 

dynamics throughout depletion in real time. Although one limitation of EEG is its 

limited spatial resolution, future work could also employ source localization methods 

(e.g., sLORETA) to better understand the source of the observed modulation in cortical 

dynamics. Lastly, this study assessed the effects of SWM resource depletion on 

cognitive-motor performance. This work could be further extended by examining the 

effects of depletion within a learning context, such as but not limited to, sensorimotor 

adaptation (Anguera et al., 2012; Gentili et al., 2011).  

 Overall, this work provides support for the employment of executive resource 

depletion to probe the role of specific cognitive processes within a cognitive-motor 

context. The results from the current study revealed that all participants, regardless of 

their group, exhibited improvements in task performance after compared to before 

completing the SWM resource depletion/non-depletion protocol. This improvement in 

performance corresponded with: i) decreased allocation of attentional resources to task-

irrelevant information indexed by a decreased novelty-P3 component amplitude and  ii) 

a general as well as task-specific refinement of cortical activity reflected by an 

increased low- and high-alpha power, respectively. These findings collectively suggest 

there may have been an effect of practice across the two groups. Differences between 

the two groups were also apparent, as a result of the SWM depletion protocol. In 

particular, the experimental group exhibited a larger P2 component amplitude after 

compared to before SWM resource depletion, which may be a reflection of an 

weakened attentional system. Furthermore, while the control group exhibited increased 

theta power across all cortical regions during the hard relative to the easy level of 
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challenge irrespective to the timing participants executed the task (pre- and post-SWM 

resource non-depletion), this adaptive response was absent within the frontal and 

temporal cortical regions for the experimental group post-SWM resource depletion. 

The experimental group also exhibited a significant decrease in temporal theta power 

during the hard level of challenge post- compared to pre-SWM resource depletion. The 

lack of cortical modulation between the levels of challenge as well as decrease in 

temporal theta for the hard level of challenge, may reflect an inability of the 

experimental group to recruit resources related to working memory, attentional control 

and visuospatial processing, all of which are important in the successful performance 

of the cognitive-motor task employed in the current study. Lastly, the experimental 

group revealed an increase in temporal theta power during the easy level of challenge 

post- compared to pre-SWM resource depletion. Such a finding may indicate the SWM 

resource depletion protocol also served as intensive training, which translated in 

enhanced visuospatial skill observed while executing the easy level of task difficulty. 

Our findings collectively suggest that performing an intensive cognitive task can have 

a combined neurocognitive benefit and cost during the performance of a subsequent 

cognitive-motor task requiring overlapping cognitive processes as that of the depleting 

task. This work has the potential to aid in the development of training protocols aimed 

at enhancing cognitive-motor performance in healthy individuals as well as contribute 

to improve rehabilitative interventions aimed at optimizing cognitive-motor 

performance for various patient populations (e.g., stoke, traumatic brain injury, upper-

limb amputation) who suffer from cognitive-motor disabilities. 
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