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Abstract 

Neural Sources of Multitasking Interference Revealed in a Complex 

Continuous Multitasking Environment 

 

Omar AlHashimi 

Our brains are limited in their ability to process all information it receives thus requiring cognitive 

control mechanisms to modulate information and responses. Previous attempts to characterize 

multitasking costs in the neuropsychological literature largely study two-discrete-task paradigms. For 

my project, we studied the use of a complex continuous task punctuated by a second discrete task, 

more comparable to real-world tasks as well as the possibility that these well-characterized discrete 

approaches may be missing neural mechanisms critical to multitasking costs. In the first study, we 

use this paradigm's advantages to study embedded stimuli whose inter-task timing of stimuli are 

jittered in a controlled way to replicate many of the effects studied in previously the multitasking 

literature to demonstrate a novel perceptual bottleneck of interference in addition to the well-

characterized response bottleneck. In the second study, this task was taken into the scanner to study 

the multitasking versus single-tasking differences, using a perceptually identical environment to 

control for potential perceptual sources of dual-tasking. This study demonstrated the superior 

parietal lobule, a region previously characterized for cognitive control over motor preparation as 

well as multitasking to not only show differential activity between the conditions, but to demonstrate 

individual activity differences correlating with individual multitasking performance costs. The 

significance of this finding is that we identified a specific control region relevant to individual 
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multitasking costs in our complex continuous tracking paradigm. The studies above (in combination 

with its validation as a training platform (Anguera et al., 2013)) identifies our novel task as a robust, 

complex neurocognitive platform to study human performance deficits. We replicate previously 

characterized timing-dependent phenomena (i.e. PRP effect) and dual-tasking neural control centers 

(superior parietal lobule) without the need for the traditionally constrictive laboratory demands of 

response ordering and with a higher user engagement in a more real-world relevant task.  
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Chapter 1 

Introduction 

Human performance suffers in speed and accuracy when performing two tasks at the same time. 

Our brains are limited in their ability to process all information it receives thus requiring cognitive 

control mechanisms to modulate information and responses (Tsotsos, JK, et al 1995). Attempts to 

characterize cognitive processes in the context of dual-tasking in the neuropsychological literature 

include the psychological refractory period (PRP) paradigm (Telford, 1931), the attentional blink 

(AB) paradigm (Raymond, Shapiro, & Arnell, 1992) and task-switching experiments (Allport, Styles, 

& Hsieh, 1994; Jersild, 1927). PRP experiments largely study performance delays that occur when 

speeded responses to two stimuli set apart in time by a stimulus onset asynchrony (SOA) decreases. 

Dual-task response slowing in this paradigm is assumed to reflect a postponement of the neural 

processes of one task that cannot proceed simultaneously with the other task’s processes (Welford, 

1952, 1980, Pashler & Johnston, 1989, Pashler, 1994). The attentional blink paradigm examines 

performance error caused by unspeeded responses to two stimuli spaced closely apart in time to 

reveal the limitations in human visual working memory updating. Task switching paradigms 

(Biederman 1972) look at error and delays associated with mixing or switching between two tasks 
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and are thought to be due to preparatory states and limitations in reconfiguring them (DeJong 1996, 

Rogers and Monsell 1995). Multiple processes including visual attention, short term memory 

encoding, response selection and motor preparation have been indicated by these dual-tasking 

paradigms for being limitations responsible for delays and errors (Dux and Marois, 2009; Shapiro, 

K., Arnell, K., Raymond J 1997; Pashler 1994; Johnston JC, McCann RS, Remington RW 1995).  

An alternative to all of the two-discrete-task paradigms mentioned above, primary ways cognitive 

interference during multitasking is studied, is the use of a complex continuous task punctuated by a 

second discrete task. Previous simple tracking experiments demonstrated dual-task interference 

manifested as increased tracking error during visuomotor discrimination (Gazes, Y, Rkitin, J, 

Steffener, et al. 2010; Hahn, M., Falkenstein, M, Wild-Wall, N 2010), but lacked a single-task 

discrimination comparison as well as an SOA dimension. It is likely the constant visual attention and 

response demands required for a continuous task differs from discrete task execution (Pashler 1994; 

Rushworth MF, Johansen-Berg H, Gobel SM, Devlin JT, 2003) by allowing more flexibility in 

scheduling or allocation of parallel processes (Van Mier H, Hulstijn W, Petersen SE 1993). There is 

suggestion that perception, visual-spatial deployment and response-selection occurs in parallel for 

continuous tasks (Rushworth MF, Johansen-Berg, Gobel SM, Devlin JT 2003) suggesting that these 

well-characterized discrete approaches may be missing brain networks or even brain regions critical 

to multitasking costs but previously unseen.  

With that in mind, we developed and used a complex tracking task containing tracking events in 

conjunction with an embedded discrimination task serving as an interrupting task. At least two 

mechanistic benefits arise with this paradigm. First, with a continuous task serving as Task 1, 

emphasis on chronometric response priority becomes less of a concern likely de-emphasizing well-

studied task-ordering central interference delays (K Arnell, J Duncan 2002) intrinsic to these 

paradigms yet likely not relevant to real-world multitasking. Secondly, this provides us a continuous 
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behavioral measure to study interference caused by dual-tasking allowing the potential examination 

of temporal characteristics of cognitive control conjointly with other continuous neural correlates 

(such as spectral power) (Onton, J, Delorme, A, Makeig S 2005; Nigbur, R, Ivanova, G, Sturmer, B, 

2011; Sausent, P, Hoppe, J, Klimesch, W, Gerloff, C, Hummel FC 2007; Sauseng, P, 2006).  

The motivation for bringing a complex continuous tracking task was not purely mechanistic. Firstly, 

creating a more complex neurocognitive task still possessing the finely controlled parameters of 

traditional tasks while engaging the participant in a more intrinsic way is likely to provoke observable 

mental states more typical to ones seen in real world situations, potentially revealing not-seen-before 

effects that don’t occur with the traditionally boring and severely stripped down psychological tasks. 

In fact, human performance outside the laboratory often involve continuous task engagement with 

interrupting tasks or distracting stimuli so using a continuous task is more analogous with real-world 

situations (e.g. driving a car, being interrupted by a cellphone ring; or conversely engaging in a 

conversation and being interrupted by a traffic change) than the two discrete task paradigm typically 

studied.  

Additionally, by validating a neurocognitive platform more complex in nature brings the possibility 

of it being used as a controlled training task that still remains capable of generating clean neural 

signatures including electroencephalographic response potentials (ERPs). Consideration for it in the 

future as a potential rehabilitation task requires it to possess robust replayability and high 

engagement (Jyoti Mishra & Gazzaley, 2014). With these ambitious goals in mind, development of 

Neuroracer involved several challenges including the development and validation of a robust 

performance thresholding algorithm capable of placing users ranging from ten years old to eighty 

years old with varying videogame experience in a precise individual performance space (Anguera et 

al., 2013) with an efficient pseudo-Bayesian staircase algorithm. To ensure the tracking task was 

consistently engaging to the user while still giving us fine control over events, the game was coded 
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so that all road pieces (which are assembled ahead of the user’s position) were always curved in a 

severe or mild turn, always with a severe or mild incline or decline (Anguera et al., 2013). These 

represented significant in-laboratory innovations necessary for our goals. 

Other challenges included coding the visual presentation of stimuli in a way that clean early ERP 

signatures could be collected (much more difficult than collecting the more robust P300 (Isreal, 

Chesney, Wickens, & Donchin, 1980) or typically collected spectral measures as is done with 

industrial neurocognitive indexing platforms (Berka et al., 2005, 2007). Several innovations had to be 

developed such as making our two-dimensional, first-order (velocity control) tracking task, an 

incredibly complex tracking task relative to what is typically studied, into a compensatory task in 

which the relative car position would remain relatively constant (i.e. the camera follows the road) 

and visual updating the world so that the world moves towards the user. The interrupting task, a 

discrimination task embedded in our NeuroRacer environment as signs on the road, were visually 

presented as non-moving, with a consistent field of view in order to ensure clean ERP signatures. 

To best of the author’s knowledge, Neuroracer represents a sophistication of ERP marker 

visualization within a continuous tracking task not previously studied. 

In Chapter 2, we use NeuroRacer’s advantages to study embedded stimuli whose inter-task timing of 

stimuli are jittered in a controlled way to replicate many of the effects studied in the PRP literature, 

but has the novel feature of occurring a continuous task. We used CSD filtering in combination with 

temporal jitter to study the well-characterized psychological refractory period (PRP) effect but in the 

context of a continuous task to demonstrate a novel perceptual bottleneck of interference in 

contrast to the well-characterized response bottleneck. Modulation of early sensory regions (e.g. V1-

V3) have been demonstrated in an attentional blink (AB) paradigm using functional magnetic 

resonance imaging (fMRI) (Hein, G, Alink, A., Kleinschmidt, A., Muller, N. 2009). It been suggested 

that electroencephalographic (EEG) signatures may miss early visual findings because EEG signals 
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reflect neural averages of various visual areas (e.g., Martinez et al., 2001) and that the spatial 

resolution of EEG hasn't been sufficient to pick up on modulation of early components in previous 

studies (e.g. Sergent et al., 2005; Kranczioch et al., 2003; Vogel & Luck, 2002; Vogel et al., 1998). 

Central source density (CSD; Pernier, Perrin, & Bertrand, 1988) reduces redundant contributions 

due to volume conduction providing sharper topographies compared to those of scalp potentials 

(Tenke & Kayser, 2005, Tenke & Kayser, 2006). We use an application of a CSD filter to reveal 

subtle early sensory interference effects (of a temporal jitter only varying by 300 milliseconds) to 

reveal the current generators that underlie early ERPs (Nunez & Srinivasan, 2006). Importantly, we 

demonstrate the temporal impact of perceptual processing of Task 1 on Task 2 perception, even 

when Task 1 stimuli is irrelevant, suggesting temporally-close stimuli produce this interference 

effect, regardless of relevance. This pattern, in addition to the impact of the early neural markers, 

points confidently at the process of perception being responsible for the SOA-dependent response 

time impact we observed in this continuous task.  

In Chapter 3, we take this task into the scanner to study the dual-tasking versus single-tasking 

differences, using a perceptually identical environment to control for potential perceptual sources of 

dual-tasking. Novel was the examination of a complex continuous task in the scanner. This 

contained the challenges mentioned above as well as the need for in-scanner skill thresholding as 

pilot testing of this study indicated that participant’s performances tended to be unpredictably worse 

in the loud, restrictive scanner environment. 

With these challenges accounted for, this study demonstrated the superior parietal lobule, a region 

previously characterized for cognitive control over motor preparation as well as multitasking 

(Braver, Reynolds, & Donaldson, 2003; S. M. Jaeggi et al., 2007; Kimberg, Aguirre, & D’Esposito, 

2000; Nebel et al., 2005; Rémy, Wenderoth, Lipkens, & Swinnen, 2010; Rushworth, Johansen-Berg, 

Göbel, & Devlin, 2003) to not only show differential activity between our conditions, but to 
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demonstrate individual activity differences correlating with individual multitasking performance 

costs. The significance of this finding is that we identified a specific control region relevant to 

individual multitasking costs in our complex continuous tracking paradigm.  

The studies above (in combination with its validation as a training platform (Anguera et al., 2013)) 

identifies our novel NeuroRacer task as a robust, complex neurocognitive platform to study human 

performance deficits. We replicate previously characterized timing-dependent phenomena (i.e. PRP 

effect) and dual-tasking neural control centers (superior parietal lobule) without the need for the 

traditionally constrictive laboratory demands of response ordering and with a higher user 

engagement in a more real-world relevant task. Thus it is likely that these findings with this paradigm 

may represent more relevant sources of neural interference for future interventional attempts to 

rehabilitate or enhance human multitasking performance.   
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Chapter 2 

Perceptual Sources of Complex 

Multitasking Interference 

Abstract 

Multitasking typically leads to performance deficits characterized by response delays and errors, known 

as multitasking costs. These costs are thought to reflect a bottleneck in ‘central’ neural processing 

associated with stimulus identification and response selection. Based on accumulating neural evidence 

from other cognitive interference research, we hypothesized that multitasking costs may also reflect 

limitations in very early stages of perceptual processing, which have not be identified by traditional 

multitasking experimental designs. To investigate this hypothesis, we combined a continuous 

visuomotor tracking task (Task 1) with a punctuated perceptual discrimination task (Task 2), while 

simultaneously recording electroencephalography (EEG) to assess neural markers of perceptual 

processing. We observed that decreasing the time between the two task events resulted in diminished 

performance on Task 2 (i.e., increased response times), which was accompanied by an impact on a 

neural measure of early visual processing of the stimuli in Task 2 (i.e., decreased ERP P1 amplitude), 

thus supporting our hypothesis. To gather evidence of the aspect of Task 1 that resulted in Task 2 

perceptual interference, we assessed another condition where the tracking task was visually present, 
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but not engaged by the participants. Here we observed similar behavioral and neural effects to the 

multitasking condition, suggesting that Task 1's influence on Task 2 behavior and visual processing 

was not due to top-down attention or motor-related factors, but the result of perceptual processing 

of Task 1. These findings provide behavioral and neural evidence that limitations in early perceptual 

processing of two concurrent tasks contribute to performance costs associated with multitasking.  
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Introduction 

 

Cognitive performance typically degrades when attempting to perform two tasks at the same time 

(i.e., multitasking costs; cf. Tombu et al., 2011), as our brains have inherent limitations in their 

information processing abilities (Tsotsos, Culhane, Wai, & Lai, 1995). To overcome these 

limitations, cognitive control mechanisms such as selective attention (Moran & Desimone, 1985) are 

engaged to optimize information processing, but performance bottlenecks persist (Reilly, Herd, & 

Pauli, 2011; Salvucci & Taatgen, 2008). Characterizing the source of interference that underlies 

multitasking costs has largely involved experimentation using psychological refractory period 

paradigms, which utilize two punctuated perceptual/response tasks with manipulations of the time 

between stimulus presentation (PRP paradigm; Telford, 1931,Welford, 1952; Pashler and Johnston, 

1989; Pashler, 1994). These studies have revealed errors and/or slowed response times for a second 

task when it closely follows in time the response to a first task. Slowed performance is thought to 

reflect delays in distinct aspects of neural processing for Task 2 that cannot advance while ‘central 

processes’ (e.g., stimuli identification, response selection, short term memory encoding) of Task 1 

are still being engaged (Dux & Marois, 2009; Johnston, 1995; H Pashler, 1994; Shapiro, Raymond, & 

Arnell, 1997).  

In exploring the neural basis of multitasking costs, the use of electroencephalography (EEG) and 

subsequent analysis of event-related potentials (ERPs) have revealed that neural events occurring 

200-500 ms after stimulus presentation are associated with multitasking-induced delays and errors in 

PRP tasks (Brisson & Jolicoeur, 2007a; Jolicoeur, Sessa, Dell’Acqua, & Robitaille, 2006; Leblanc, 

Prime, & Jolicoeur, 2008; Sergent, Baillet, & Dehaene, 2005). This body of literature has stressed 

that the multitasking bottleneck results from ongoing central processing directed towards Task 1 

overlapping with similar processing requirements of Task 2. However, other research on cognitive 



10 
 

interference has examined early neural events in visual processing to reveal biased competition 

effects can occur earlier than 200 ms (Beck & Kastner, 2009; R Desimone, 1998; Robert Desimone 

& Duncan, 1995; Gazzaley, Cooney, McEvoy, Knight, & D’Esposito, 2005; Kastner & Ungerleider, 

2001). Neural markers of early perceptual processing (e.g., the P1 ERP at ~100 ms) have been 

associated with diminished performance during discrimination and working memory tasks in the 

presence of irrelevant information (Gazzaley, 2011; Gazzaley et al., 2008; Khoe, Mitchell, Reynolds, 

& Hillyard, 2005; Pinilla, Cobo, Torres, & Valdes-Sosa, 2001; Rutman, Clapp, Chadick, & Gazzaley, 

2010; Schoenfeld et al., 2007). However, the utility of interrogating these types of markers while 

multitasking is unclear, as it has been suggested that neural markers prior to ~250 ms are unaffected 

by multitasking interference, given that they reflect ‘pre-conscious’ stimulus processing (Sigman et 

al., 2008; Sergent et al., 2005). Furthermore, resolving two discrete ERP events from stimuli that are 

presented closely in time has inherent technological issues (cf. Woldorff, 1993), potentially 

explaining why previous PRP-designed paradigms have not observed an early perceptual bottleneck.  

In the current study, we explored the hypothesis that limitations in early stimulus processing do 

indeed represent a bottleneck during multitasking (not necessarily at the exclusion of central 

bottlenecks found in classic PRP studies). We examined performance and neural measures while 

multitasking using a modified PRP design and concurrent electroencephalography (EEG) data 

collection to assess neural markers of perceptual processing. The paradigm involved variable event 

onset asynchronies (EOAs) between two tasks to assess the relationship between task timing and 

neural markers of early visual processing. We used a continuous visuomotor tracking task (Task 1) to 

generate continuous engagement and a forced choice perceptual discrimination task (Task 2) as a 

punctuated interruptor ('NeuroRacer': Anguera et al., 2013), a scenario that is more reflective of 

complex acts or real-world multitasking.  
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This paradigm alleviates the technical challenges in assessing early visual processing markers of Task 

2, as occurs with traditional PrP paradigms, because Task 1 is continuous from a visual perspective. 

In addition, PRP tasks typically employ explicit instructions for participants to respond to each task 

separately (that is, not to both at the same time) even when they perfectly overlap in time (0 ms 

EOA). In this paradigm, explicit instructions about response order are moot as participants naturally 

switch from between Task 1 to Task 2 as fast and accurately as possible, thus avoiding 

contamination of task ordering instructions. The paradigm has already been shown to generate 

interference costs on Task 2, although the impact of EOA is unknown. We hypothesized that as the 

time between events in Task 1 (road turns) and events in Task 2 (sign discrimination) was reduced, 

behavioral and early perceptual neural measures of performance in Task 2 would show greater 

interference effects indicative of multitasking costs. Under these conditions we predicted that neural 

markers time-locked to stimuli in Task 2 would reveal a visual processing bottleneck occurring 

earlier than the frequently reported central bottleneck. Finally, to evaluate if perceptual processing of 

Task 1 is involved in any neural and behavioral effects on Task 2, we assessed the EOA effect on 

performance using a ‘single-tasking ‘ condition, where the continuous visuomotor tracking was 

passively presented as goal-irrelevant stimuli, with no top-down attentional or motoric requirements.  
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Materials and Methods 

Participants. Twenty healthy young, right-handed adults (mean age, 24.8 years; range, 20-29 years; 12 

females) gave informed consent to participate in the study approved by the Committee on Human 

Research at the University of California in San Francisco. All participants had normal or corrected-

to-normal vision as examined using a Snellen chart. Additionally, all participants were considered to 

be non-video game players, as defined by having less than 2 hours of any type of video-game usage 

per month in the past two years. 

Stimuli and experimental procedure. Stimuli and tasks were presented using a custom designed video 

game (‘NeuroRacer’; Anguera et al., 2013) on a Dell Optiplex GX620 with a 22” Mitisubishi 

Diamond Pro 2040U CRT monitor. Participants were seated with a chin rest in a dark room 80 cm 

from the monitor using a Logitech game controller to control tracking (left thumb) and responding 

to sign types (left & right index fingers). Each experimental run lasted 180 seconds with a few 

seconds of a self-paced break available to participants after every run. 

Using the PRP design as a framework, Task 1 consisted of a visuomotor tracking task (Figure 1A) in 

the 3D ‘NeuroRacer’ environment (Anguera et al., 2013), and involved keeping a car within a target 

box drawn on a continuously moving road (when the car was not within the target box, the fixation 

cross would shake to indicate poor performance). A pseudo-randomized, counterbalanced selection 

of road segments (that is, right/left turns & inclining/declining hills) formed the tracks, with 

turn/hill severity being either mild or severe. Transitions between road segments were treated as 

events in the visuomotor task, with each event lasting 2000, 2500 or 3000 ms. The visual 

presentation of this task occurred continuously, requiring constant joystick input to maintain central 

position on the road as all road segments were curved. Road segment transitions required increased 

corrective joystick input (beyond baseline) to adjust to the changed curvature of the new road 

segment. 
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The discrimination task (Figure 1A) involved responses to visual stimuli presented for 400 ms, two 

degrees above a fixation cross. Discrimination involved a 2-alternative forced choice task where 

subjects responded to green circles (33% frequency) with a right key press and all other colored 

shapes with a left key press. The tracking task (Figure 1A) involved continuous visuomotor tracking 

to an always inclining/declining and turning road. Tracking events involved transitions between 

these road segments where the inclination and/or turn direction and severity was changed suddenly. 

The point where the car crossed the union of these two road segments was treated as an event that 

required additional tracking correction to stay within the tracking zone. Real-time feedback was 

indicated by a 100 ms color change of the fixation cross one second after stimulus presentation 

(green for correct, red for incorrect) for the sign task and by a shaking of the fixation cross when the 

car was outside the target-tracking zone. 

Thresholded performance. Prior to the experimental runs, participants underwent an adaptive 

thresholding procedure to assess perceptual discrimination and visuomotor tracking abilities 

performed in isolation. For discrimination, a staircase algorithm changed the time window allowed 

for a correct response for each 120 second run (48 signs) over nine runs. For the visuomotor 

tracking task, the speed of the road was thresholded with a similar staircase algorithm over twelve 60 

second runs. The algorithm increased the difficulty of each task when performance level was over 

80% on the previous run and decreased the difficulty when performance was less than 80% (for 

more details, see Anguera et al., 2013). Upon completion of each thresholding block, difficulty levels 

were interpolated for 80% performance to estimate an individual discrimination difficulty level and 

tracking difficulty level for that participant. The difficulty of the experimental tasks were set to these 

individualized levels for each participant so that individuals engage each condition in their own 

ability level following thresholding procedures, thus facilitating a fairer comparison across overall 

differences in perceptual discrimination abilities.  
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Conditions. Following the driving and sign thresholding procedures, participants performed two 

perceptually-matched conditions randomly counterbalanced across participants (each condition 

performed three times in a pseudo-randomized fashion; Figure 1). Participants were cued to the 

upcoming condition before each run: 1: Sign and Drive (SD; Multitasking); 2: Sign with Road (SWR; 

Single Task). In the Sign with Road condition, the car was placed on ‘auto pilot’ for the duration of 

the run and participants responded to the signs. In 'Sign and Drive' condition, participants were told 

to respond to the signs as fast and accurately as possible and continue to drive as accurately as 

possible. Feedback was given at the end of each run as the proportion correct to all signs presented 

for the perceptual discrimination task and percent time spent in the tracking zone for the driving 

performance. Prior to the start of the subsequent run, participants were informed as to which 

condition would be engaged in next, and made aware of how many experimental runs were 

remaining.  

PRP design. An event onset asynchrony (EOA) of 0, 300 and 600 ms between the two types of events 

were used for tracking stimuli (T1) and shape stimuli (T2; see Figure 1), with T1 tracking events 

always preceded T2 sign events (except in the case of 0 ms EOA where they coincided).  

Participants were instructed to fixate at the center of the screen at all times, respond to signs as 

quickly as possible and keep the car centered in the tracking box at all times. Feedback was given at 

the end of each run as per their percentage correct on the discrimination task and percentage time 

spent within the tracking box. Correct responses to the appropriate signs within the thresholded 

response time window were categorized as hits; non-responses, late responses or mismatched key 

presses to stimuli were counted as incorrect for purposes of feedback. In the multitasking condition 

(Sign and Drive), feedback was given for both tasks. Both tasks were equally emphasized in the 

instructions and briefing. 
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Discrimination performance. Response times (RTs) and accuracy were analyzed using ANOVAs, with a 

Greenhouse-Geisser correction when appropriate and post hoc t-test comparisons performed when 

statistically called for. While both tasks were equally emphasized in instruction to the participants, 

we were focused on the performance effects on the discrimination task (Task 2), which the PRP 

literature typically focuses on since it typically bears the brunt of multitasking costs (H Pashler, 

1994). Driving-related metrics related for Task 1 are not discussed here. 

EEG data acquisition. Data were recorded during six runs (two conditions, three runs each). 

Electrophysiological signals were recorded with a BioSemi ActiveTwo 64-channel EEG acquisition 

system in conjunction with BioSemi ActiView software (Cortech Solutions). Signal were amplified 

and digitized at 1024 Hz with a 24-bit resolution. All electrode offsets were maintained between +20 

mV. 

EEG data analysis. Preprocessing and further ERP analyses was conducted in Analyzer 2.0 (Brain 

Vision, LLC). Raw EEG data were digitally re-referenced offline to the average of all electrodes. Eye 

artifacts were removed through independent component analyses by excluding components 

consistent with topographies for blinks and eye movements. Data were high-passed filtered at 1 Hz 

to exclude slow DC drifts.  

An ERP analysis at posterior electrodes was conducted to assess markers of early visual processing 

for each sign presented. All ERP analyses were time-locked to the onset of each sign stimuli, yielding 

216 epochs of data for each condition (and 72 epochs per EOA). Signals were averaged in 1000 ms 

epochs with a 200 ms prestimulus interval used as baseline. Epochs that exceeded a voltage 

threshold of +100 uV were rejected. The P1 and N1 component were evaluated at electrode clusters 

during the peak latency intervals of 100-180 ms for P1 and 140-260 ms for N1. To minimize 

electrode bias, activity at posterior electrodes was collapsed as follows: left-lateralized (P9, P7, PO7), 

right-lateralized (P10, P8, PO8) and posterior midline (Pz, POz, Oz). Similar to the approach taken 
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in other studies (J. Mishra & Gazzaley, 2012; Zanto, Toy, & Gazzaley, 2010), we used the greatest 

amplitude of the P1 and N1 in an electrode group when collapsed across all conditions to guide 

subsequent ERP analyses. This approach led to the posterior midline electrode group being selected 

for P1 interrogation and the right electrode group for N1 analysis. 

Current Source Density (CSD). 

With respect to the current study goals, it has been suggested that early visual ERPs like the P1 may 

benefit from current source density (CSD) filtering by removing volume conduction effects 

(Martinez et al., 2001). CSD (Perrin et al., 1989) reduces redundant contributions due to volume 

conduction providing sharper topographies compared to those of scalp potentials (Kayser et al., 

2006; Kayser, Tenke, Gates, & Bruder, 2007). Thus, we applied a CSD filter following preprocessing 

to reveal subtle early sensory interference effects. 
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Results 

Behavioral data 

Discrimination 

The influence of the EOA manipulation on discrimination task (Task 2) response times (RTs) when 

multitasking (SD) and single-tasking in the presence of the moving road (SWR) was assessed using a 

2 X 3 repeated-measures ANOVA with factors of Condition (SD, SWR) and EOA (0, 300, 600 ms). 

This analysis revealed a significant main effect of condition (F(1,19) =95.7, p < .00001), EOA (F(2,38) 

=38.7, p < .00001), and no interaction (F(1,19) =1.2, p = 0.33). The condition main effect indicated 

that RTs were slower during multitasking (495ms 10) versus single-tasking (433ms 14; t(19) = 3.17, 

p = 0.005). In terms of the EOA effect, as the time between stimuli was reduced, responses took 

longer in both conditions (SD0 >SD300 >SD600: t(19)>3.31, p < 0.004 for each comparison; SWR0 

>SWR300 >SWR600: t(19)≥ 1.99, p ≤ 0.062 for each comparison; see Table 1 and Figure 2). Thus, 

the presence of a tracking event (road turn) (Task 1) relative to the time of sign onset (Task 2) 

differentially impacted discrimination RT, regardless of whether the participant was actually tracking 

the road or the road was passively viewed.   

A similar analysis of accuracy revealed a main effect of condition (F(2,38) = 8.9, p = 0.008), but neither 

a significant main effect of EOA (F(2,38) = 2.5, p = 0.11) nor an interaction (F(2,38) = 0.51, p =0.61).  

Follow-up analyses revealed participants to be less accurate when multitasking (84% + 2) versus 

single-tasking (87%  2; t(19) = 3.35, p = 0.003). Thus, the presence of an active secondary task (that 

is, visuomotor tracking) reduced discrimination accuracy compared to single-tasking, regardless of 

EOA. 

 

 



18 
 

Neural data 

P1:  

To examine the influence of the temporal relationship between the two task events (EOA) on early 

visual processing of Task 2, we examined ERP P1 amplitude and latency time-locked to the onset of 

the signs. For P1 peak amplitude, a 2 X 3 repeated-measures ANOVA with the factors of Condition 

(SD, SWR) and EOA (0 ms, 300 ms, and 600 ms) revealed a main effect of EOA (F(2,38) = 33.7, p < 

.00001) and a significant 2-way interaction (F(4,76) =6.3, p < .0001), but no main effect of condition 

(F(1,19) = 0.01, p=0.92). Pair-wise comparisons of EOA revealed an amplitude-reducing effect of 

decreasing EOA on P1 amplitudes for SD and SWR, such that as sign presentation occurred closer 

to a road event (either a motoric road event (SD) or a passive road event (SWR), the lower the P1 

amplitude for that sign (SWR0 <SWR300 <SWR600: t(19)>= 2.37, p <= 0.029 for each comparison; 

SD0 <SD300 <SD600: t(19)>=2.53, p <= 0.02;  see Table 1 and Figure 3).  

P1 latency analysis revealed a main effect of EOA (F(4,76) = 6.0, p = 0.0054), but no main effect of 

condition (F(4,76) =1.32, p = 0.27) or interaction (F(4,76) = 1.24, p = 0.3). Post-hoc tests revealed that 

decreasing EOA, collapsed across condition, resulted in increased P1 latency (0 = 164 ms; 300 = 

160.3 ms; 600 = 153.4 ms; see Table 1).  

In summary, increasing temporal overlap between these two events resulted in diminished P1 

amplitudes and increased P1 latency for Task 2 signs, regardless of whether the Task 1 event was 

passive or active. Thus, early neural visual perception of stimuli in Task 2 was diminished and delayed 

with increasing temporal overlap between stimuli. 

N1: 

We also assessed the N1 component, another early visual marker that has been associated with the 

identification or conscious processing of visual stimuli. Using the same analysis approach as for the 
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P1, a main effect of EOA was seen for N1 amplitude (F(2,38)=  6.43, p =0.0039), but no main effect of 

condition (F(4,76) =26.05, p =0.68) nor interaction (F(2,38)= 1.79, p = 0.18) were present. Post-hoc tests 

revealed the attenuation of N1 amplitude with more temporally overlapping stimuli (Table 1: 0<300, 

0<600, 300=600; 0= -9.24 uV, 300 = -11.7 uV, 600= -13.1 uV). N1 latency analyses revealed a main 

effect of condition (F(1,19) = 10.65, p = 0.0041), but no main effect of EOA (F(2,38) = 1.35, p = 0.27) or 

interaction (F(2,38) = 2.12, p = 0.13). Post-hoc tests revealed N1 latency delay of multitasking 

(SD>SWR, Table 1:t(19) = 2.45, p = 0.024; SD= 219.1ms, SWR= 207.9ms). Thus, increasing temporal 

overlap resulted in N1 amplitude attenuation, but no difference between conditions, whereas the 

addition of active tracking resulted in a non-EOA-dependent N1 latency delay. 

Eye Movement. To ensure that the observed effects were not due to eye movement, 

electrooculographic data were analyzed (Berry, Zanto, Rutman, Clapp, & Gazzaley, 2009). Vertical 

(VEOG = FP2 – IEOG) and horizontal (HEOG = REOG – LEOG) difference waves were 

calculated from the raw data and baseline corrected to the mean prestimulus activity. The magnitude 

of eye movement was computed as follows: (VEOG2 – HEOG2)/2. The variance in the magnitude 

of eye movement was computed across trials at each time point between 50 and 200 ms post 

stimulus onset, which encompasses the P1 and N1, the ERP peaks of interest. The variance was 

compared between EOAs of 0, 300 and 600 via the two-tailed paired t-test. Uncorrected for 

multiple comparisons, no effects were observed at any time point tested regardless of EOA (p > 

0.05), indicating that effects observed in the ERP are not due to eye movements. 
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Discussion 

The present findings offer converging behavioral and neural evidence that early perceptual processes 

are involved in multitasking costs. Specifically, EOA manipulations resulted in performance impacts 

and corresponding changes in neural signatures of early visual processing during a perceptual 

discrimination task (Task 2). In addition, when Task 1 was made irrelevant, the neural and 

behavioral impact on perceptual processing of Task 2 remained, emphasizing the perceptual source 

of this interference. Here we discuss the implications of early perceptual processing limitations with 

respect to the PRP/multitasking behavioral literature.  

 

Behavioral results 

From the perspective of central processing limitation theories (H Pashler, 1994), the delayed RT for 

Task 2 while multitasking is thought to reflect the postponement of decision-related processing 

while the response requirements of Task 1 are being satisfied. Similar to PRP studies that show an 

RT delay with decreasing EOA (Telford, 1931,Welford, 1952; Pashler and Johnston, 1989; Pashler, 

1994), we demonstrate a similar effect in our multi-tasking paradigm. Interestingly, the same EOA-

dependent RT delay that was observed when multitasking, also occurred in the single-tasking 

condition. This finding suggests a contributory interference role of non-central perceptual processes 

of Task 1, since that is the only factor in common across the conditions. PRP studies typically refer 

to a later source, such as response selection of Task 1, being the source of interference on Task 2 

(Sigman & Dehaene, 2008), but our study reveals an earlier perceptual contribution of interference. 

 

As observed in previous PRP studies (Harold Pashler & Johnston, 1989; E Ruthruff, Pashler, & 

Klaassen, 2001) a multitasking versus single-tasking RT delay on Task 2 was observed in the present 

study at each EOA. This finding is in line with central processing and response selection 
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contributing to multitasking costs, as maintained by PRP theories, since these are the only factors 

that differed between conditions. This classic interpretation explains the present multitasking 

findings, such that the continuous task occupies central processes that are required for the 

discrimination task, resulting in a response delay in Task 2 that is not EOA-dependent (Kieras, 

Arbor, & Meyer, 1995; Rubinstein, Meyer, & Evans, 2001). Alternatively, the observed effect could 

be explained using a state-based executive control theory, such that multitasking engenders a larger 

set of stimulus-response pairings than single-tasking and this is this leads to a state-based 

multitasking delay (Logan & Gordon, 2001). While we cannot distinguish between the task switching 

& state-dependent models to explain our multitasking cost delays, the present findings do suggest 

‘central’ bottlenecks in the multitasking condition as the culprit for this EOA-independent source of 

Task 2 delay.  

 

The use of a continuous performance task as Task 1 revealed unique features regarding a perceptual 

bottleneck compared to the discrete PRP paradigms routinely used to study multitasking. 

Continuous tasks have been shown to engage perception, visual-spatial deployment, and response-

selection in parallel (Rushworth et al., 2003), providing an even clearer contrast between conditions 

to reveal EOA like effects that are not being driven by overlapping task structures, as in typical PRP 

experimental designs. As previously described, typical PRP instruction dictates an artificial task 

switch by imposing a constraint of separate responses to observe task switching (H Pashler, 1994). 

Given that response order constraints have been shown to greatly increase multitasking costs (Levy 

& Pashler, 2001; Eric Ruthruff, Hazeltine, & Remington, 2006), here the use of a continuous Task 1 

made response order instruction inconsequential. It is possible the constant visual attention and 

response demands required for a continuous task differs from discrete task execution (H Pashler, 

1994; Rushworth et al., 2003) by allowing more flexibility in scheduling/allocating parallel processes 
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(Van Mier, Hulstijn, & Petersen, 1993). However, the use of a continuous task serving for Task 1 

supported the well-documented central interference delays and offered additional evidence of a 

perceptual bottleneck (Arnell & Duncan, 2002). Thus, the present experimental design supports 

findings of a multitasking delay with a continuous task, providing a novel vantage point to 

understand previous PRP findings in a more dynamic environment. 

 

Neural results 

We observed an EOA-dependent attenuation of the P1 ERP to Task 2 during the multitasking 

condition. That is, the closer temporal proximity between task events, the more reduced and delayed 

the neural signature of early visual processing for the sign stimuli in Task 2. This early impact on 

neural representation involving competing stimuli is consistent with theories of early visual attention 

(Berger, Henik, & Rafal, 2005; Posner, 1980), where early sensory modulations reflect the 

differences of goal-based sensory priming for Task 2 stimuli. In the present study, increasing 

temporal overlap resulted in less sensory processing of the relevant stimuli. P1 amplitude attenuation 

has been associated with misallocated covert attention (S. Luck & Hillyard, 1994), and in this context 

would suggest a complex continuous task occupies attentional resources that are needed to process 

the sign stimuli, resulting in a delayed response. 

 

This neural finding by itself demonstrates an impact of Task 1 on the early perceptual processing of 

Task 2 stimuli, but does not tell us what aspect of Task 1 led to this effect. However, the results 

replicate the same effect during the single-tasking condition, where there is no central processing of 

Task 1, thus suggesting that the observed P1 effect of Task 2 result from perceptual processing of 

Task 1 stimuli and not central processing. These neural findings indicate perceptual-perceptual 

interference is associated with increased time to respond in Task 2.  From the perspective of the 
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biased competition model (R Desimone, 1998; Kastner & Ungerleider, 2001), it is not surprising that 

perceptual delays in early visual processing were induced by temporally convergent events, whether 

they were active or passive. Feature based competition has been shown to affect the P1 component 

during simultaneous stimuli/task presentation (Valdes-Sosa, Bobes, Rodriguez, & Pinilla, 1998; 

Zanto & Gazzaley, 2009; Zhang & Luck, 2009), even in the context of superimposed stimuli without 

spatial-attentional shifting. Here we observed that the graded attenuation of the P1 component 

occurred in the setting of increasing temporal overlap between two events, even when they are non-

simultaneous.  

 

Previous literature has shown response selection during Task 1 to be the primary source of delay 

affecting response selection for Task 2 (Arnell & Duncan, 2002; Brisson & Jolicoeur, 2007b; S. J. 

Luck, 1998; Osman & Moore, 1993; Sessa, Luria, Verleger, & Dell’Acqua, 2007; Sigman & Dehaene, 

2008), as supported by neural correlates reflecting central processing delays in Task 2 when 

multitasking (Brisson & Jolicoeur, 2007a; Jolicoeur et al., 2006; Leblanc et al., 2008; Sergent et al., 

2005). Each of these aforementioned EEG studies failed to demonstrate an impact of manipulations 

of EOA on early visual processing components of Task 2 (P1/N1). Our findings suggest that 

perceptual-perceptual interactions are another source of interference, previously undocumented to 

our knowledge in the multitasking literature.  

 

 

 

Overview and conclusions 

The present study observed early perceptual attenuations while single- and multitasking in a 

temporally-dependent fashion associated with response time delays, extending previous multitasking 



24 
 

work by revealing the influence of early perceptual processing. Critically, the EOA-dependent RT 

effect and P1 effect of goal-irrelevant stimuli in the single-tasking condition suggests that early 

perceptual interference by Task 1 is a key contributing factor to multitasking interference. Thus, in 

contrast to the dominant view in the literature related to a central role of response selection, the 

current study informs the temporal dynamics of multitasking effects by revealing interference effects 

include an impact of visual processing of Task 1 on the early visual processing of Task 2.  
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Legends 

Table 1. Event-Related Potentials (ERPs) for sign events during the Sign & Drive (SD) and Sign 

With Road (SWR) conditions. P-values are reported for ANOVA interactions, main effects and t-

tests involving both EOA and condition for P1/N1 latency and amplitude.  

Figure 1. NeuroRacer tasks and experimental design. A. Screenshots of experimental conditions. The 

Drive Only and Sign Only conditions were used to establish titrated ‘driving’ and ‘discrimination’ 

levels in the setting of no distraction for each participant, while the perceptually-matched Sign & 

Drive (SD) and Sign With Road (SWR) conditions were specifically interrogated during this 

experiment. B. PRP design illustrating the variable EOAs of 0, 300 and 600 ms for the presentation 

of each sign event (Task 2) with respect to each tracking event (Task 1). 

Figure 2. Means of response times (RT) in the SWR (blue) condition and SD (red) condition across 

each EOAs (0, 300, 600 ms) with standard error shown. A 2 X 3 repeated-measures ANOVA with 

factors of Condition (SD, SWR) and EOA (0, 300, 600 ms) revealed a main effect of condition 

(F(1,19) = 95.7, p < .00001), EOA (F(2,38) = 38.7, p < .00001), but no interaction (F(1,19) = 1.2, p = 

0.33). Follow-up t-tests indicated that RTs were slower during discrimination while multitasking 

versus single-tasking (t(19) = 3.17, p = 0.005). Responses took longer for both conditions as the EOA 

approached complete temporal overlap between tasks (SD0 >SD3 >SD6; SWR0 >SWR3 >SWR6; 

see Table 1). 

Figure 3. P1 amplitude means with standard error for stimuli in the SWR (blue) condition and SD 

(red) condition. A 2 X 3 repeated-measures ANOVA with factors of Condition (SD, SWR) and 

EOA (0 ms, 300 ms, and 600 ms) on the selected electrode group of interest revealed a main effect 

of EOA (F(2,38) = 33.7, p < .00001) and a significant 2-way interaction (F(4,76) = 6.3, p < .0001), but 

no main effect of condition (F(1,19) = 0.01, p = 0.92). Pair-wise comparisons of EOA indicated an 

attenuating effect of decreasing EOA on P1 amplitudes for SWR, such that the closer events were 
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together, the lower the P1 amplitude (SWR0 <SWR300 <SWR600), with a similar pattern observed 

for the multitasking condition (see Table 1). 
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Illustration and Tables 

Table 1 – Summary of ERP analysis (p-values shown) 
 

 P1 Latency P1 Amplitude N1 Latency N1 Amplitude 

ANOVA     

EOA 0.0054  3.44 x 10-8 0.27 0.0039 

Condition 0.27 0.94 0.0041  0.68 

EOA * Condition 0.3 0.0006 0.13 0.18 

     

T-TESTS     

SD vs. SWR 0.13 0.88 0.024  0.55 

0 vs 300 0.27 5.12 x 10-5 0.45 0.0059  

300 vs 600 0.03  0.024 0.0014 0.33 

0 vs 600 0.0025   8.61 x 10-7 0.0031 0.0012  
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Figure 1 

 
Figure 2 
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Figure 3 
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Chapter 3 

 

Cognitive Control Center of Complex 

Multitasking Interference 

Abstract 

Multitasking typically leads to performance deficits characterized by response delays and errors, 

known as multitasking costs. Although widespread fronto-parietal regions have been previously 

associated with multitasking cost during two punctuated tasks, it was hypothesized that only a subset 

of these fronto-parietal regions would be related to multitasking performance declines when the single 

and multitask are perceptually matched and continuous in nature. Here we compared two perceptually 

matched conditions, a single tasking condition and a multitasking condition which showed expected 

behavioral slowing. To gather evidence of regions that are involved in complex continuous 

multitasking interference, we performed a neural contrast of these conditions which showed expected 

fronto-parietal region differences. A follow up neurobehavioral correlation of individual performance 

costs to neural differences showed management of interruptors is specifically handled by the superior 

parietal lobule. These findings provide behavioral and neural evidence that limitations in continuous 

multitasking have a neural bottleneck. 
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Introduction 

Multitasking behavior is ubiquitous in today’s technologically dense world (Foehr, 2006). 

Multitasking involves the ability to accomplish a goal in the setting of another relevant interrupting 

goal (Clapp & Gazzaley, 2010). Substantial evidence has shown multitasking performance deficits 

are characterized by response delays and errors, which result from attentional bottlenecks in 

cognitive processes such as perceptual encoding and response selection (René Marois & Ivanoff, 

2005; H Pashler, 1994; Tombu et al., 2011).  

Characterizing the source of interference that underlies multitasking costs has largely involved 

experimentation using psychological refractory period paradigms, which utilize two punctuated 

perceptual/response tasks with manipulations of the time between stimulus presentation (PRP 

paradigm; Telford, 1931,Welford, 1952; Pashler and Johnston, 1989; Pashler, 1994). These studies 

have revealed errors and/or slowed response times for a second task when it closely follows in time 

the response to a first task. Slowed performance is thought to reflect delays in distinct aspects of 

neural processing for Task 2 that cannot advance while ‘central processes’ (e.g., stimuli 

identification, response selection, short term memory encoding) of the primary task are still being 

engaged (Dux & Marois, 2009; Johnston, 1995; H Pashler, 1994; Shapiro, Raymond, & Arnell, 

1997). Neuroimaging research has suggested such multitasking bottlenecks may arise from shared 

executive resources in frontal and parietal regions that include the prefrontal cortex, superior parietal 

lobule, inferior parietal sulcus, inferior frontal junction, inferior frontal sulcus, and the frontal gyrus 

(Deprez et al., 2013; Herath, Klingberg, Young, Amunts, & Roland, 2001; Hesselmann, Flandin, & 

Dehaene, 2011; Jiang, 2004; Takeuchi et al., 2013; Tombu et al., 2011). Yet, it is less clear whether 

these regions are also associated with performance declines during a continuous multitasking 

paradigm, as is more common to everyday life. 
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The use of a continuous performance task as a primary task may reveal unique features regarding 

task switching that occurs under more natural conditions compared to the discrete multitasking 

paradigms routinely used to study multitasking. Continuous tasks have been shown to engage 

perception, visual-spatial deployment, and response-selection in parallel (Rushworth, Johansen-Berg, 

Göbel, & Devlin, 2003), providing a more realistic effect that is not driven by discrete task 

structures, as in typical experimental designs. As previously described, typical instruction dictates an 

artificial task switch by imposing a constraint of separate responses to observe task switching (H 

Pashler, 1994). Given that response order constraints have been shown to greatly increase 

multitasking costs (Israel & Cohen, 2011; Levy & Pashler, 2001; Ruthruff, Hazeltine, & Remington, 

2006), here we propose the use of a continuous background task to make response order instruction 

inconsequential.  

To address the neural correlates of multitasking performance decline, we collected functional 

magnetic resonance imaging (fMRI) data while participants were engaged in a custom-designed 

video game (NeuroRacer)(Anguera et al., 2013). Whereas some memory and attention tasks [e.g., 

working memory: digit symbol task, speed of processing: letter comparison, pattern comparison] 

have been shown to exhibit consistent linear declines with age (Grady, Springer, Hongwanishkul, 

McIntosh, & Winocur, 2006; Park et al., 2002), we have shown that continuous multitasking, as 

assessed via NeuroRacer, results in performance declines across the lifespan, with the worst 

performance drop in the 3rd decade of life (Anguera et al., 2013). Therefore, we examined 

participants in the critical 3rd and 4th decades of life. Neural and performance data was contrasted 

between a single task (sign detection) and a multitask (sign detection while driving a car) task. 

Although widespread fronto-parietal regions have been previously associated with multitasking cost 

during two punctuated tasks, it was hypothesized that only a subset of these fronto-parietal regions 
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would be related to multitasking performance declines when the single and multitask are 

perceptually matched and continuous in nature. 
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Materials and Methods 

Participants 

Thirty-one healthy participants from 30 to 49 (mean age 38.4 + 6.3 y, 14 females) took part in the 

experiment. All participants had normal or corrected-to-normal vision, gave written consent, and 

were monetarily compensated for participation in the study. To investigate multitasking effects in 

this seldom-studied part of the lifespan, we included a range of adults of the third and fourth decade 

of life. Additionally, all participants were considered to be non-video game players, as defined by 

having less than 2 hours of any type of video-game usage per month in the past two years. 

Participants were paid for their participation and gave informed written consent. Approval of the 

study was given by the Committee on Human Research at the University of California, San 

Francisco. 

  

Paradigm 

Task stimuli were presented on a 32” monitor placed at the back of the fMRI scanner bore and 

viewed via a headcoil-mounted mirror. Participants responded to a custom designed video game 

(‘NeuroRacer’; Anguera et al., 2013) using a Current Designs game controller to control tracking 

(i.e., driving the car; right forefinger and thumb) and responding to sign stimuli (left index finger).  

Tasks. The visuomotor tracking, or Drive Only (DO), task (Figure 1A) involved keeping a car as 

accurately as possible within a target box drawn on a continuously moving road (when the car was 

not within the target box, the fixation cross would shake to indicate poor performance). A pseudo-

randomized, counterbalanced selection of road segments (that is, right/left turns & inclining / 

declining hills) formed the tracks, with turn/hill severity being either mild or severe. The 

discrimination, or Sign Only (SO), task (Figure 1B) involved responses to visual stimuli presented 
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for 400 msec, two degrees above a fixation cross. During SO, subjects were instructed to respond as 

quickly and accurately as possible only to green circles (33% frequency) with a right button press. 

Distractor (non-target) signs included an equal distribution of red or blue circles, as well as triangles, 

squares or pentagons that could be colored green, red or blue. In the ‘Sign with Road’ task (SWR; 

single task; Figure 1C), the car was on autopilot and participants responded to the target signs as 

during SO. In the 'Sign and Drive' task (SD; dual task; Figure 1D), participants were told to respond 

to the target signs (as in SO) and continue to drive (as in DO). The SWR and SD tasks served as our 

tasks of interest as they were perceptually matched and only differed in task requirements (single or 

dual task). Sign discrimination events always coincided with a road segment change and occurred 

randomly with an inter-onset-interval between 4000 and 12,000 msec.  

Participants were instructed to fixate at the center of the screen at all times. Real-time feedback was 

indicated by a 100 msec color change of the fixation cross one second after stimulus presentation 

(green for correct, red for incorrect) and/or by a shaking of the fixation cross when the car was 

outside the target-tracking zone. Each experimental run lasted about 180 seconds and contained 21 

stimuli. Each run was preceded by instructions cueing the condition and ended with a performance 

feedback summary. There was a total of six experimental blocks with each block consisting of one 

experimental run of each of the four tasks. For feedback purposes, correct responses to the 

appropriate signs within the thresholded response time window (see below) were categorized as hits; 

non-responses, late responses or mismatched key presses to stimuli were counted as incorrect.  

Thresholded performance. Prior to the experimental runs, participants underwent an adaptive 

thresholding procedure to assess perceptual discrimination and visuomotor tracking abilities 

performed in isolation (i.e., DO and SO tasks; Figure 1A,B). For discrimination, a staircase 

algorithm changed the time window that allowed for a correct response during each of the nine 120 

second runs, containing 48 signs per run. For the visuomotor tracking task, the speed of the road 
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was thresholded with a similar staircase algorithm over twelve 60 second runs. The algorithm 

increased the difficulty of each task when performance level was over 80% on the previous run and 

decreased the difficulty when performance was less than 80% (for more details, see Anguera et al., 

2013). Upon completion of each thresholding block, difficulty levels were interpolated across runs 

to identify the difficulty level that results in 80% performance for each individual participant’s 

discrimination and tracking ability. The difficulty of the experimental tasks were set to these 

individualized levels for each participant so that individuals engage each condition in their own 

ability level following thresholding procedures, thus facilitating a fairer comparison across overall 

differences in single task abilities. This thresholding procedure was performed in the fMRI scanner 

to replicate the environment which they would be performing the experiment. 

 

Behavioral Data Analysis 

Behavioral data was analyzed for both conditions with paired t-tests. Analysis of response time data 

included all correct trials, regardless of the thresholded time window used for feedback. Similarly, 

accuracies were calculated regardless of the thresholded time window, however, analysis of accuracy 

data included all correct hits as well as correct rejections (i.e., withholding response to non-targets). 

All behavioral data were analyzed using SPSS 20 for Windows. 

Multitasking costs were calculated by subtracting the single task (SWR) data from the multitasking 

(SD) data. This multitasking cost metric was later used to assess a neuro-behavioral relationship in 

multitasking declines. 

fMRI Acquisition and Processing 

All images were acquired on a Siemens 3T Trio Magnetom. Echo planar imaging data was collected 

with a 2.1-s repetition time and 1.8 x 1.8 x 3 mm voxel size using 32 oblique axial T2*-weighted 
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gradient-echo slices (repetition time 2,100 ms; echo time 25 ms; 90o flip angle; field of view = 23 cm, 

96 x 96 matrix). Images were corrected for slice timing, motion artifacts, and Gaussian-smoothed to 

5-mm FWHM. Data were modeled using a general linear model (GLM) in SPM8 in participant-

averaged space. Group whole-brain maps were calculated from MNI-normalized data. In addition, 

high-resolution anatomical (T1-MPRAGE) datasets were collected (1 x 1 x 1 mm voxel size, field of 

view = 160 x 240 x 256 mm, repetition time = 2300 ms, echo time = 3 ms, flip angle = 9o).  

 

fMRI Univariate Analysis 

Blood oxygen level dependent (BOLD) signal change was modeled for all four conditions through a 

general linear model as condition-specific box-car functions convolved with a canonical 

hemodynamic response function.  We conducted a univariate contrast between our two conditions 

of interest (SD - SWR). A voxel-by-voxel t-test comparison between SD and SWR conditions 

revealed regions that were involved in multitask processing while minimizing effects related to the 

task of interest (discrimination) which was common to both conditions. Whole-brain statistical 

corrections were done by thresholding p-values with a cluster extent determined by a Monte Carlo 

simulation, resulting in a corrected p-value < 0.05. 
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Results 

Behavioral results 

A t-test on the mean response times (SWR: 513.9 ms, SD: 530.7 ms) revealed significantly slowed 

responses during SD compared to SWR (t(30) = 3.77, p = 0.00042). Mean accuracy (SD: 0.967, SWR: 

0.964) showed no significant differences between our two conditions of interest (t(30) = -0.262, p = 

0.795). Given the simple nature of the discrimination task, the multitasking cost revealed itself 

primarily as a slowing effect. 

Response time slowing as a result of multitasking (as calculated by SD - SWR) did not show a 

correlation with age (p = 0.167). Therefore, within our task which makes use of thresholded 

performance space, we can conclude individual variation of multitasking abilities rather than age was 

responsible for multitasking response-slowing costs. 

 

Neuroimaging Results 

Whole Brain Analysis 

We conducted a whole-brain analysis based on a univariate contrast between our two conditions of 

interest (SD - SWR). The comparison between SD and SWR conditions revealed multiple 

widespread regions that were more engaged during multitask performance (i.e., SD > SWR; Table 

1). These regions reassuringly included areas involved in motor control for the right hand due to the 

additional motor (driving) task such as the right cerebellum and left precentral gyrus (motor cortex; 

Table 1). Importantly, visual regions, parietal and frontal regions demonstrated increased activity 

likely as a result of the task differences, which include additional task-load, multitask management 

and task switching (see Table 1 and Figure 2). With the exception of the bilateral temporal lobe 
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deactivation which has been suggested to be involved with complex perception (Olson, Plotzker, & 

Ezzyat, 2007), no regions exhibited increased activity during SWR compared to SD. 

 

Correlations 

As hypothesized, we observed fronto-parietal regions to be involved in multitasking performance. 

However, in order to more directly assess whether these regions may be related to the performance 

based multitasking cost, we conducted correlations between the changes in BOLD activity ( 

parameter estimates) between the two conditions (SD - SWR) with the cost of multitasking 

performance (change in response time, SD - SWR). This analysis was conducted only in the regions 

listed in Table 1 and corrected for multiple comparisons using the threshold procedure detailed in 

the methods.  

Interestingly, only one cluster survived statistical correction, the right superior parietal lobule (SPL; 

center of mass: [-25 -49 53]; Figure 3). Following outlier exclusion, the right SPL demonstrated a 

significant correlation (r = -0.37, p < 0.05; Figure 4) such that participants who utilize right SPL 

more during multitasking exhibit less multitasking performance cost. This suggests the right SPL is 

involved in mitigating multitasking delays and may serve as a bottleneck in multitasking 

performance. Of note, although one outlier was excluded from the correlation, the correlation 

remains significant when the outlier is included. 
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Discussion 

The current results identified widespread neural activity largely across frontal, parietal and visual 

regions, associated with a continuous multitasking paradigm. However, only one region, the superior 

parietal lobule (SPL), demonstrated a relationship with multitasking performance such that 

diminished activation occurred in worse performers. Together, these results support previous 

research indicating fronto-parietal regions underlie multitasking abilities and that multitasking 

performance costs may be related to a bottleneck in executive processes involving the SPL. 

Previous studies have shown the superior parietal region to increase activity during multitasking and 

task switching (Braver, Reynolds, & Donaldson, 2003; Jaeggi, Buschkuehl, & Etienne, 2007; 

Kimberg, Aguirre, & D’Esposito, 2000; Nebel et al., 2005; Szameitat, Schubert, Müller, & Von 

Cramon, 2002). Given that, it is possible that individual differences in attentional control to our task 

being observable as performance and neural activity differences with increased attentional control 

resulting in less performance costs in the setting of multitasking. This region has also been shown to 

be involved in stimulus attention (Corbetta & Shulman, 2002) and anticipatory spatial attention 

(Bressler, Tang, Sylvester, Shulman, & Corbetta, 2008) so it’s also possible in our task, even given 

identical stimuli presentation in both conditions, this reflects a perceptual level attention region. 

Additionally, other studies have shown it to be involved with increased motor demands (Rémy, 

Wenderoth, Lipkens, & Swinnen, 2010; Rushworth et al., 2003) while some have suggested its 

involvement with both perceptual and response-decision aspects (Marois, Larson, Chun, & Shima, 

2006). Finally, causal studies with TMS have demonstrated the superior parietal lobule to be 

involved with distraction resistance and visuospatial judgement (Clifford, 2010; Kanai, Dong, 

Bahrami, & Rees, 2011; Sack et al., 2007). Regardless, it reflects a cognitive control center that 

comes more online in the setting of an interruptor with more activation resulting in more successful 

management. 
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The increased activation of frontal and occipital regions in the multitasking condition could reflect 

the cognitive control and attention dedicated to the additional task component (motor control and 

visual attention of the car) in the multitasking condition.  Potentially, an area of future inquiry may 

be to these if these areas relate to costs suffered in driving performance contrasted against a single-

tasking driving condition. However, for our single- and multitasking discrimination comparison, 

what is interesting to note is that only the superior parietal lobule was shown to be related to 

performance costs.  

Of interest, our task uses a continuous visuomotor tracking task to generate continuous engagement 

and stimuli with a forced choice perceptual discrimination task as a punctuated interruptor, a 

scenario that is more reflective of complex acts or real-world multitasking. This paradigm alleviates 

the instructional challenges in prioritization and scheduling of the discrimination task, as occurs with 

traditional multitasking paradigms, because the tracking task is continuous from a stimulus and 

engagement perspective. Typically, multitasking paradigms employ explicit instructions for 

participants to respond to each task separately (that is, not to both at the same time) even when they 

perfectly overlap in time. In this paradigm, explicit instructions about response order are moot as 

participants naturally switch from between both tasks as fast and accurately as possible, thus 

avoiding contamination of task ordering instructions and emphasizing the discrimination task more 

as an interruptor. The paradigm has already been shown to generate interference costs on the 

discrimination task, with maximum interference occurring when these two tasks overlap with an 

event asynchrony onset of zero milliseconds (Al-Hashimi, O, Anguera, JA, Gazzaley, 2014). We 

performed a scanner version of this paradigm using a 0 millisecond EOA in order to study 

maximum interference. In this context, we show management of interruptors is handled by the 

increased activation of this previously characterized cognitive control center.  
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It is possible the constant visual attention and response demands required for a continuous task 

differs from discrete task execution (H Pashler, 1994; Rushworth et al., 2003) by allowing more 

flexibility in scheduling/allocating parallel processes (Van Mier, Hulstijn, & Petersen, 1993). 

Paradigms such as attentional blink phenomenon or attentional blink hybrid paradigms use delayed, 

unspeeded responses to specifically remove online response selection from the encoding bottleneck 

de-emphasizing precise response scheduling (Arnell & Duncan, 2002) and as a result, study 

multitasking errors rather than delays. It may be that in continuous tasks in which perceptual and 

motor demands are non-discrete and more reflexive compared to more discrete tasks, are more 

revelatory of intrinsic multitasking delays. 

Additionally, while not pursued in this study, the continuous task may provide a continuous 

behavioral metric for observing interruption in future studies. In order to make a comparison using 

a continuous task, the conditions need to be perceptually matched and the continuous task needs to 

exert constant task demands with controlled increases in these demands as is done in our paradigm. 

The present experimental design supports findings of a multitasking delay with an interruptor in the 

context of a continuous task, providing a novel vantage point to understand previous multitasking 

findings in a more dynamic environment. 
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Legends 

Table 1. Regions showing significant β-value contrast differences between Sign with Road (SWR) 

and Signs with Drive (SD) following cluster correction. 

Figure 1. NeuroRacer tasks and experimental design. Screenshots of experimental conditions. A.) 

The Drive Only (DO) condition was used to establish a titrated driving level setting of no 

distraction for each participant in the scanner. B.)B.) The Sign Only (SO) was used to establish an 

individualized response time discrimination window for each participant in the scanner. C.) The Sign 

with Road (SWR) condition contained the discrimination task with the driving task presented 

passively in the background. The car followed an idealized, autopiloted path while the participant 

engaged in the discrimination task. Note: the displayed text “auto-pilot on” is for display purposes 

only and was not present during the experiment. D.) The Sign & Drive (SD) contained both tasks 

simultaneously and was and was interrogated along with SWR during the testing phase of the 

experiment as our multitasking condition.  

Figure 2. Whole-brain, cluster-corrected univariate analysis between the two NeuroRacer conditions, 

SD and SWR. (z = 109, 160, 191, 226, 235, 280) 

Figure 3. Whole-brain cluster-corrected neurobehavioral correlation analysis conjoined with the 

contrast analysis. (z = 245) Figure 4. Correlation plots of RT differences (SD – SWR) versus β-value 

differences (SD – SWR).   
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Illustration and Tables 

Table 1 – Summary of Univariate Analysis  

 
 Brain Region Volume 

(mm3) 
Center of Mass 

   x y z 

      

Frontal      

 Left Precentral Gyrus 45280 -28 -20 58 

 Right Superior Frontal Gyrus 13960 20 -4 60 

 Right Precentral Gyrus 1920 58 8 26 

Parietal      

 Right Superior Parietal Lobule 7672 26 -50 54 

 Left Precentral Gyrus 1824 -58 6 28 

 Left Central Opercular Cortex 576 -46 0 4 

 Right Precentral Gyrus 472 12 -18 48 

      

Occiptal      

 Left Lateral Occipital Cortex, Inferior Division 1976 -42 -70 6 

 Right Lateral Occipital Cortex, Inferior Division 936 44 -68 4 

 Left Lingual Gyrus 368 -10 -72 -2 

 Left Lateral Occipital Cortex, Superior Division 360 -20 -76 40 

 Left Intracalcarine Cortex 352 -6 -76 18 

Temporal      

 Right Temporal Pole 1264 32 10 -26 

 Left Temporal Pole 408 -32 8 -28 

Subcortical      

 Left Thalamus 2640 -16 -18 8 

 Right Cerebellum 1522 16 -54 -20 

 Right Cerebral White Matter 616 18 -18 18 

 Left Brain-Stem 600 -6 -22 -14 
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Figure 1  
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Figure 2 
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Figure 3 
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Figure 4 
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Chapter 4 

 

Discussion 
 

 

 

 

In these present studies, we investigated how dual-task processing impacts performance using a 

complex continuous task. Behavioral findings indicate that tracking perception interferes with 

discrimination perception and that active tracking mutually interferes with discrimination response 

selection in the form of delays and error. Additionally, event-related potential recordings confirmed 

the influence of tracking perception on feature-based detection dependent on inter-stimuli timing 

but interestingly, independent of dual-tasking. Functional magnetic resonance imaging revealed 

increased superior parietal lobule processing during dual-tasking that corresponded with reduced 

dual-tasking costs in contrast to prefrontal sources typically associated with dual-tasking control. 

These results may reveal sources of interference during continuous dual-tasking more specific to the 

type of interruptions typically experienced in real life. 

Importantly, we demonstrated the temporal impact of perceptual processing of Task 1 on Task 2 

perception, even when Task 1 stimuli is irrelevant, suggesting temporally-close stimuli produce this 

interference effect, regardless of relevance. This graded dual-task delay with a complex continuous 

task was preserved in the single-task condition where the continuous task was a task-irrelevant 

distraction. Additionally, there was no condition interaction of this behavioral effect suggesting this 



51 
 

delay is not only perceptual, but unaffected by central processing of an active second task. This is 

further reinforced by the fact that no difference seen in P1 amplitude between both conditions 

(Task 2 stimuli being relevant in both). This early impact on neural representation of competing 

stimuli is consistent with theories of early visual attention (Posner 1980; Berger, A, Avishai, H, 

Robert, R 2005) where early sensory modulations reflect the differences of goal-based sensory 

priming for Task 2 stimuli, in this case, increasing stimulus temporal overlap revealing more 

competition. P1 attenuation has been associated with misallocated covert attention (Luck 1994) and 

would suggest that complex continuous tasks can occupy covert attention and the aggregate 

misappropriation of covert attention results in attenuated neural representation.  

Another novel finding of our study is a demonstration of a PRP effect using a continuous task. 

Multiple dual-tasking experiments with tracking have been reported (e.g., Poulton EC. 1974.; Griew 

S. 1959; Wickens, 1976; McLeod, 1977; North, 1977;  Brickner & Gopher, 1981; Gopher, Brickner, 

& Navon, 1982; Gopher, 1993; Ballas, Heitmeyer, and Perez 1992;  Netick A, Klapp ST. 1994; 

Gazes, 2010; Hahn, M 2011) but lack an EOA dimension, likely because they lacked tracking events 

to jitter with. Including an EOA dimension allows task preparatory effects to be kept constant while 

varying the overlap of cognitive processes. Embedding tracking events in a tracking task that 

requires continuous task demands allows temporal control of the demands of a continuous task, 

enabling us to observe perceptual effects that may have been masked by a single-task versus dual-

task comparison. 

Previous studies demonstrating dual-task interference on perception have suggested stimuli 

processing limitations are independent of the later response selection limitation (Johnston JC, 

McCann, RS, Remington RW 1995; Pashler 1989) while other studies appear to show an interaction 

between central processing of one task and perception of another task (Arnell, K, Duncan, J 2002; 

Jolicoeur, P 1999; Jolicoeur, P, Dell'Acqua, R 1999). There is evidence that limitations across 
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perceptual and central processes occur as part of a unified process intervening at multiple time 

points (Jolicoeur P, Dell'Acqua R, Crebolder J 2001; Ruthruff, Pashler 2001; Dux, 2011). However, 

it has been suggested that relevant feature-based detection, a process preceding spatial allocation of 

attention (Hopf, J, Boelmans, K, Schoenfeld, A, Luck, S, Heinze, H 2004), does not interfere with 

central processing (Brisson, Jolicoeur 2007). Our ERP and behavioral findings contribute to that 

observation. Our behavioral and neural findings would indicate feature-based detection is 

characterized by temporal or capacity limits independent from central processing limits.  

In the second study, we demonstrated a parietal region already characterized to be a region 

previously characterized to be involved in cognitive control over motor preparation as well as 

multitasking (Braver, Reynolds, & Donaldson, 2003; S. M. Jaeggi et al., 2007; Kimberg, Aguirre, & 

D’Esposito, 2000; Nebel et al., 2005; Rémy, Wenderoth, Lipkens, & Swinnen, 2010; Rushworth, 

Johansen-Berg, Göbel, & Devlin, 2003) but interestingly, in our study, without the typical prefrontal 

findings typically found in other studies. It may be that the regions often seen in other studies 

including the dorsolateral prefrontal cortex, lateral prefrontal cortex, superior parietal lobule, inferior 

parietal sulcus, inferior frontal junction, inferior frontal sulcus, and the superior, middle and inferior 

frontal gyrus (Deprez et al., 2013; Herath, Klingberg, Young, Amunts, & Roland, 2001; Hesselmann, 

Flandin, & Dehaene, 2011; Jiang, 2004; Takeuchi et al., 2013; Tombu et al., 2011) may be related to 

the discrete task structures and/or the demands of response prioritization often required in these 

tasks for control purposes. It is known that response order constraints have been shown to greatly 

increase multitasking costs (Levy & Pashler, 2001; Eric Ruthruff, Hazeltine, & Remington, 2006), so 

the use of a continuous task which has made response order instruction inconsequential may be 

beneficial for better understanding of human multitasking. 

Additionally, we not only showed differential activity between our perceptually matched single- and 

multitasking conditions, but demonstrated individual activity differences correlating with individual 
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multitasking performance costs. The significance of this finding is that we identified a more specific 

control region relevant to individual multitasking costs in our complex continuous tracking 

paradigm.  

Understanding continuous multitasking or continuous tasks that are interrupted by other goal-

relevant tasks is critically important and carries important distinction from the often discrete lab 

paradigms that are used to draw conclusions about multitasking in the real world. Attempts to 

remediate or enhance multitasking capabilities, that may occur either through (1) improved task 

switching, (2) the development of perceptual-motor supersets, or more (3) neurally efficient 

pathways for reduced single task resources and time that may result in lesser multitasking costs 

should be understood in the most relevant context possible. Restrictive laboratory environments 

that don’t allow for the optimal strategies that participants likely employ in real life (PRP instruction 

paper) may not be capturing the appropriate significance of different sources of multitasking 

interference. Understanding these appropriately will enable us to better understand how to enhance 

our limitations or at least design systems appropriately to best handle the underlying sources for our 

performance limitations. 
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