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A B S T R A C T   

Continuous sensorimotor coordinations (CSCs) such as driving, walking, using control interfaces or maintaining 
the body’s balance are often performed alongside concurrent cognitive tasks involving attention and executive 
function. A range of these task combinations show interference, particularly in older adults, but the timing, 
direction and reciprocity of interference is not yet understood at the level of the tasks’ information-processing 
operations. This paper compares the chronometry of dual task interference between a visual oddball task and 
a continuous visuomanual tracking task performed by young and older adults. The oddball task’s constituent 
operations were identified using electrophysiological correlates, and deviations in the tracking task reflected 
perturbations to state monitoring and adjustment characteristics of CSC tasks. Despite instructions to give equal 
priority to both tasks, older participants maintained a high level of resourcing of the oddball task when dual 
tasking whereas young participants reduced resourcing to accommodate the demands of the tracking task. Older 
participants had a longer period of tracking inaccuracy during the executive function component of the oddball 
task, and unlike in young participants, this decrement was also observed when the stimulus was not a target and 
the executive function of updating the target tally was not required. These detailed chronometric results clarify 
that age-related amplification of CSC-cognitive interference are largely due to greater inflexibility in task pri-
oritization. Prioritization of the cognitive task over the CSC in this type of dual tasking may have safety im-
plications in everyday task settings.   

1. Introduction 

A common type of everyday dual task involves an attention- 
demanding cognitive task performed while maintaining a continuous 
sensorimotor coordination (CSC). For example, a visual target such as a 
sign with known features may need to be identified among non-targets, 
and a decision or action taken, while maintaining a CSC like driving a 
motor vehicle, walking along a path, or tracing or tracking a trajectory 
with an instrument (e.g., a pen or a controller such as a joystick or a 
computer mouse). In the case of driving, dual task effects have been of 
significant interest due to the potential of interference from telephone 
conversations (Mac-Auliffe et al., 2021; Recarte and Nunes 2003; 
Strayer and Johnston 2001), whereas in the case of walking or main-
taining the body’s balance, concurrent cognitive load is a recognized 
risk factor in falling in old age (Amboni et al., 2013; Rubenstein, 2006). 
Declining dual task performance is a notable feature of normal aging 
(Fraizer and Mitra, 2008; Springer et al., 2006) as well as neurological 

conditions such as dementia (IJmker and Lamoth, 2012) or Parkinson’s 
disease (Bloem et al., 2001; Yogev-Seligmann et al., 2008). A range of 
cognitive tasks interact with everyday CSCs such as driving (Beede and 
Kass, 2006; Nijboer et al., 2016), walking (Al-Yahya et al., 2011) and 
balancing (Fraizer and Mitra, 2008), and a higher level of interference 
between these tasks is observed in older age (Albinet et al., 2006; Li and 
Lindenberger, 2002; Papegaaij et al. 2017; Voelcker-Rehage et al., 
2006). 

CSCs and concurrent cognitive tasks may mutually interfere because 
they access the same capacity-limited information-processing mecha-
nisms such as attention and executive function (EF). EF is considered a 
key locus of interference in the case of driving (Nijboer et al., 2016; 
Recarte and Nunes, 2003) and gait (Al-Yahya et al., 2011; Amboni et al., 
2013). EF involves manipulating task-relevant information and allo-
cating resources as required (Baddeley, 2007). This includes updating 
(monitoring and altering working memory contents), shifting (switching 
between task sets), and inhibiting irrelevant information or processes 
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(Miyake and Friedman, 2012). Another source of interference, 
commonly considered in balance research (Woollacott and Shumway- 
Cook, 2002), is competition for limited attentional resources (Leone 
et al., 2017). Recent research on cognitive-CSC dual tasking has focused 
on gross motor functions such as walking and balancing. These motor 
tasks affect the body’s safety by preventing falling and therefore have an 
exigency that may not apply to fine motor coordination of the upper 
limbs such as in aiming, tracking or marking time. As such, the 
commonly observed prioritisation of postural tasks (Lion et al., 2014) by 
older people during cognitive-CSC dual tasking may not apply to fine 
motor control tasks as well. Although some studies requiring cognitive 
tasks concurrently with fine motor coordination have reported a ten-
dency in older people to prioritize motor performance (Albinet et al., 
2006), others have observed greater deterioration in motor performance 
(Corp et al., 2018; Gazes et al., 2010; Guillery et al., 2013; Johannsen 
et al., 2013; Remy et al., 2010; Voelcker-Rehage et al., 2006). 

Aside from the possible differences in prioritization between postural 
and fine motor tasks, at least three methodological challenges impede a 
precise understanding of the mechanisms of cognitive-CSC interference 
(Baker et al., 2018). First, most cognitive tasks involve perceptual, 
attentional and EF operations in a temporal sequence, making it difficult 
to identify the precise locus of interference using cumulative behavioral 
measures such as accuracy, response time, and motor trajectory. Recent 
studies are addressing this by directly investigating brain processes 
using fMRI, fNIRS or EEG (Leone et al., 2017). Second, CSC task speed is 
frequently reduced (Haigney et al., 2000), particularly by older people 
(Al-Yahya et al., 2011), to accommodate the operations of a cognitive 
task, potentially masking the mechanisms of resource conflict (Mac- 
Auliffe et al., 2021). Third, everyday CSCs have some precision toler-
ance built into them. For example, highway lanes or walking paths are 
wide enough to allow a level of trajectory deviation without compro-
mising safety or overall task goals (Nijboer et al., 2016; Springer et al., 
2006). This allows accepting a higher level of deviation to accommodate 
any cognitive task operations that make demands on common cognitive 
resources (Mac-Auliffe et al., 2021). 

The present study investigated differences between healthy young 
(Y) and older (O) people in the interference between cognitive and fine 
motor CSCs using a paradigm that addresses these three challenges. 
Following Baker et al. (2018), this study uses a cognitive task, visual 
oddball detection, that required in each trial a sequence of detecting the 
stimulus, identifying it as a target, and if it is a target, tallying the 
number of targets in the current trial block (Fig. 1). The stimulus 
detection and identification operations of this task (and their resourc-
ing) are identifiable with precise timing by the event-related potentials 
P1 (perceptual detection), P2 (template-matching), and P3b (categori-
zation of the stimulus as response-relevant). Reduced amplitude of these 
components indicates reduced resourcing of the operation in question, 
and increased latency reflects slower processing speed1 (Polich, 2007). 
P1 occurs ~ 100 ms post stimulus over occipital sites, and its amplitude 
is responsive to bottom-up stimulus characteristics such as contrast and 
brightness (Johannes et al., 1995). The P2 component appears anteri-
orly ~ 200 ms post stimulus and is thought to indicate top-down 
mechanisms comparing the stimulus to representations of previous 
stimuli (including templates for standard and target stimuli) (Kim et al., 
2008; Luck, 2014). The P3b component occurs posteriorly ~ 300–400 
ms post stimulus and is thought to indicate the categorization of target 
stimuli as response-relevant (Luck, 2014; Polich, 2007). It was initially 
noted that, in O, the P3 might shift to a more anterior scalp distribution 
(Fabiani and Friedman, 1995; Pfefferbaum et al., 1984). More recent 
studies are suggesting that, rather than a relocation of the P3b, the 

observed anterior shift may reflect the increased amplitude in O of a 
distinct and anterior P3a component that temporally overlaps the pos-
terior P3b (Alperin et al., 2014a; Paitel and Nielson, 2021). This may 
indicate the recruitment of frontal executive functions as compensation 
for declining cognitive resources (Alperin et al., 2014b; Saliasi et al., 
2013). In this study, we retained our focus on the posterior P3b of both 
age groups as an indicator of attentional resourcing. Our interest in the 
P3b was to note whether its amplitude was attenuated by dual tasking 
(which would indicate reduced attentional resourcing of the oddball 
task) in O as we have previously observed in Y (Baker et al., 2018), and 
whether O exhibited tracking deviations in the time-frame of the P3b 
(which we did not observe in Y). Aside from the P3b, we also used 
time–frequency analysis to measure event-related desynchronization 
(ERD) at parietal sites (Sutoh et al., 2000) in the 400–600 ms post- 
stimulus period. This ERD is expressed as a reduction in alpha band 
power over parietal sites, and is thought to indicate an attention-driven 
discrimination process (e.g., the detection of a change in processing 
when a rare target appears). Changes to this parietal alpha band ERD 

Fig. 1. (A) Task configuration. The oddball stimulus is either an unfilled 
(standard) or filled (target) circle in the centre of the screen. The tracking lead 
is the black dot circling the oddball stimulus clockwise. The participant tracks 
the black dot using a stylus on the digitizing tablet. Stylus position is displayed 
as a blue dot on the screen. (B) Schematic representation of concurrent task 
demands. The task components and the experimental measures that indicated 
their resourcing are shown according to their position on the timeline. 

1 We analyzed P1, P2 and P3 latencies, but do not discuss these in this paper. 
There were no significant interactions between age group and single vs dual 
task, so latency effects did not inform the analysis of age-related differences in 
dual-task resourcing. 
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due to age or dual tasking can therefore be indicative of changes in 
attentional resourcing (Spencer and Polich, 1999). We also tested the 
strength of coordination in the fronto-parietal network (Corbetta and 
Shulman, 2002) underpinning the oddball task as measured by the alpha 
band coherence between frontal and parietal activity (Güntekin and 
Basar, 2010; Sadaghiani et al., 2012; Sauseng et al., 2006; van Schou-
wenburg et al., 2017). 

Following target identification processes, updating the target tally 
placed demands on working memory. We used time–frequency analysis 
to measure frontal beta-band power in the post-P3b period to indicate 
any changes in this working memory load due to age and dual tasking 
(Altamura et al., 2010; Pesonen et al., 2007). We also measured changes 
in neural resourcing of motor function by examining alpha band power 
over the contralateral motor cortex. Manual task execution results in 
event-related desynchronization (ERD) over the contralateral motor 
cortex (Pfurtscheller and Lopes da Silva, 1999). Reduced ERD (i.e., 
higher power) during dual tasking relative to the single task condition 
would indicate a reduction in resourcing the motor task. This study only 
investigated comfortable-speed CSC performance. The potential impact 
of CSC speed manipulation is raised in the discussion but left for future 
investigations. 

The CSC task in this study was manually tracking a visual target on a 
circular path. This task enforced a set speed and continuously showed 
and measured even the smallest trajectory deviation. In quotidian tasks 
like walking or driving, error signals are salient only when a significant 
level of trajectory deviation accumulates (e.g., the walker comes too 
close to the edge of the path, or the driver approaches markings dividing 
highway lanes). In the present task (Fig. 1), in contrast, even the smallest 
tracking deviation (i.e., when the leading and controlled dots did not 
overlap on the screen) was visible and the instruction was to continu-
ously minimise deviation. This ensured that participants could not 
reduce speed or lower tracking accuracy to accommodate dual task 
demands. In the dual task condition, the performance demands of the 
tracking task remained at the same level throughout the sequence of the 
oddball task’s constituent operations. This tightly controlled task situ-
ation was expected to yield a temporally precise understanding of age- 
related changes in the symmetry and synchrony of interactions be-
tween the two tasks. The behavioral measures of tracking accuracy were 
the angular (θ) and radial (ρ) trajectory deviation. 

Both the oddball and circular tracking tasks have been studied in 
older adults. In the oddball task, Y and O tend not to differ on accuracy 
(Amenedo and Dıáz, 1998; Cid-Fernández et al., 2014; Cid-Fernández 
et al., 2016; Geerligs et al., 2014; Kaufman et al., 2016), with indications 
that O may detect more targets than Y, but also produce more false 
alarms (O’Connell et al., 2012). The inhibitory deficit hypothesis 
(Hasher and Zacks, 1988; Gazzaley and D’Esposito, 2007), which sug-
gests that filtering of information deteriorates with age, may explain 
why O detect more targets, but also make more erroneous identifica-
tions. The declining ability to withdraw attentional resources from 
irrelevant stimuli may also correspond to physiological changes. For 
instance, when comparing target and non-target conditions, the scalp 
distributions of P2, P3 and fronto-central CRN (correct response nega-
tivity) amplitudes differ significantly in Y, but not in O (Amenedo and 
Dıáz, 1998; Cid-Fernández et al., 2016; Friedman et al., 1998). P3 re-
sponses in O tend to have a similar pattern to Y, but with a smaller 
amplitude (Cid-Fernández et al., 2016; Czigler et al., 2006; O’Connell 
et al., 2012) and longer latency (Fjell and Walhovd, 2001). 

In the case of fine motor CSCs, research shows age-related decline in 
performance in a range of tasks (Skoura et al., 2005), including 
bimanual tracking (Serbruyns, et al., 2015; van Ruitenbeek et al., 2017), 
finger tapping (Bangert, et al., 2010; Fling et al., 2012; Sallard et al., 
2014), pointer tracing (Bock, 2005; Shetty et al., 2014), and the Purdue 
Pegboard task (Serbruyns, et al., 2015). In tracking tasks, however, O 
tend to show similar performance to Y (Bangert et al., 2010; Hocherman 
et al., 2004; Summers et al., 2010), with an age-related deficit emerging 
only at higher speeds (Riviere and Thakor, 1996). 

As already noted, dual tasking with whole-body CSCs such as 
walking (Al-Yahya et al., 2011) or balancing (Fraizer and Mitra, 2008) 
find that O tend to prioritize the motor task (the posture-first principle) 
(Bloem et al., 2001; Liston et al., 2014). This is not always the case, 
however, as both O and neurological patients can be found in some cases 
to prioritize the cognitive over the motor task (e.g., Beurskens et al., 
2014; Chapman and Hollands, 2007; Dubost et al., 2006; Liston et al., 
2014; Yogev-Seligmann et al., 2008). Overall, O are more prone to 
showing dual task deficits (Lindenberger et al., 2000; Papegaaij et al., 
2017), although task difficulty can play a major role in this (Boisgontier 
et al., 2013). In the specific case of dual tasking with manual tracking as 
the motor task, which we studied here, O usually exhibit more slowing 
(Vaportzis et al., 2014) and deviations (Hahn et al., 2011; Van Impe 
et al., 2011; Vaportzis et al., 2014) than Y, with greater costs on motor 
than cognitive performance (Van Impe et al., 2011). In this study, the 
motor task enforced a comfortable but fixed speed and its circular tra-
jectory required continuous error checking and correction. We expected 
these restrictions to expose the age-related differences in the manage-
ment of the underlying resource allocation problem when strategic 
changes to speed or precision are not possible. 

In Baker et al’s (2018) study, which tested the present task combi-
nation on Y only, dual tasking reduced the oddball task’s accuracy and 
attentional resourcing (P2 and P3b amplitude were lower relative to the 
single-task condition, as was parietal alpha-band desynchronization). 
Tracking task performance was not affected in the time frame of the 
oddball task’s attentional components. Instead, tracking deviation 
accumulated at a later time if the stimulus was a target and the 
requirement then was to update the mental tally of detected targets. This 
updating of the value of an item held in working memory is an EF 
(Miyake and Friedman, 2012), and it occurred only in trials where the 
stimulus was a target, suggesting that the oddball task component that 
interfered with concurrent tracking was the EF. These results were ob-
tained under clear instructions to give equal importance to both tasks. 
Under identical conditions, the present study investigated whether there 
were any age-related changes to the asymmetric and asynchronous 
interference pattern observed by Baker et al. (2018) in Y. Previous 
research has produced mixed results with respect to which task’s oper-
ations are prioritized by O when concurrent performance of cognitive 
and CSC tasks is required. In Baker et al. (2018), Y reduced their 
resourcing of the cognitive task’s attentional components during dual 
tasking (as evidenced by attenuated P2 and P3b amplitude) and avoided 
accumulating tracking errors during these components’ time frame. 
Here, we were interested in the extent to which this balancing of pri-
orities would be shown by O, or a clear priority of one task would 
emerge to the detriment of the other. In the later time frame of EF 
(updating), where Y accrued tracking deviation in Baker et al. (2018), 
we expected O to fare worse, in terms of magnitude or the period of 
significant deviations, given the known age-related reduction in EF ca-
pacity. As in Baker et al. (2018), we factored out the effects of differ-
ences in preferred speed between Y and O by allowing each participant 
to track at their preferred speed. 

In summary, this study used a visual oddball task and a circular 
tracking task to investigate age-related differences in dual task inter-
ference between a cognitive task with a sequence of perceptual, atten-
tional and EF components and a continuous, fine motor control task 
performed at a comfortable but constant speed. The objective of this 
controlled test was to use neurophysiological measures to precisely 
locate signs of age-related differences in dual task interference in the 
perceptual, attentional and EF stages of the cognitive task’s sequence of 
operations. The amplitudes of the ERP components P1, P2, and P3 
indicated resourcing of the perceptual and attentional stages of the 
oddball task. Parietal alpha band power provided a measure of the 
neural resourcing of the attentional processes, and frontal beta band 
power in the post-P3b period indicated working memory load when the 
tally of targets was updated. Fronto-parietal magnitude coherence pro-
vided a measure of the strength of the oddball task’s network. The 
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tracking task’s performance was continuously measured as the instan-
taneous angular and radial deviations from the required trajectory. Any 
change in the cortical resourcing of the tracking task was measured 
using alpha band power over the contralateral motor cortex. 

2. Results 

2.1. Oddball task accuracy 

Oddball task accuracy was analyzed using a 2 (Age: Y, O) × 2 (Task: 
ST, DT) mixed ANOVA with age as the between-subject and task as the 
within-subject factor. There were significant main effects of age [F(1, 
43) = 37.44, p <.001, ηp

2 = 0.47; O had higher accuracy] and task [F(1, 
43) = 16.82, p <.001, ηp

2 = 0.28; accuracy was lower in DT]. There was 
also a significant interaction between age and task [F(1, 43) = 13.46, p 
<.01, ηp

2 = 0.24; As shown in Fig. 2, O’s accuracy exceeded Y’s by 9.2% 
in ST and 29.4% in DT. O’s accuracy did not change between ST and 
DT]. 

2.2. ERP measures of stimulus detection, template-matching and 
classification as task-relevant 

Effects on the ERP component amplitudes (P1, P2, and P3b) were 
analyzed using 2 (Age: Y, O) × 2 (Task: ST, DT) × 2 (Stimulus: Standard, 
Target) mixed ANOVA with age as between-subject and task and stim-
ulus as within-subject factors. The grand average ERP waveforms are 
summarized in Fig. 3. 

2.2.1. Stimulus detection (P1) 
P1 amplitude. There were significant main effects of age [F(1, 43) =

5.84, p <.05, ηp
2 = 0.12; P1 amplitude was greater in Y], task [F(1, 43) =

18.94, p <.001, ηp
2 = 0.31; P1 amplitude was greater in ST], and stimulus 

[F(1, 43) = 48.62, p <.001, ηp
2 = 0.53; P1 amplitude was greater for the 

target]. The interaction between age and stimulus was also significant [F 
(1, 43) = 4.82, p <.05, ηp

2 = 0.10]. The difference in P1 amplitude be-
tween target and standard stimuli was greater in Y than O (Fig. 4a). 
There were no other significant effects. 

2.2.2. Template-matching (P2) 
P2 amplitude. The main effect of stimulus was significant [F(1, 43) =

10.68, p <.01, ηp
2 = 0.20; P2 amplitude was greater for the target]. There 

was a significant interaction between age and task (F(1, 43) = 10.20, p 
<.01, ηp

2 = 0.19; Y had greater P2 amplitude than O in ST, but this dif-
ference disappeared in DT as Y’s amplitude reduced but O’s increased]. 
The interaction between age and stimulus was significant [F(1, 43) =
8.43, p <.01, ηp

2 = 0.16; P2 amplitude increased from standard to target 
stimuli in both Y and O, but this increase was greater in Y; Y and O did 

not differ to corrected level for either stimulus]. The interaction between 
task and stimulus was also significant [F(1, 43) = 11.82, p <.01, ηp

2 =

0.22] but the three-way interaction was not. Fig. 4b illustrates the key 
pattern in the data. Y’s P2 amplitude in ST and DT stayed the same for 
standard stimuli but reduced in DT for the target stimuli. In contrast, O’s 
P2 amplitude increased in DT for standards. Y had significantly higher 
P2 amplitude than O for the target stimulus in the single-task condition. 

2.2.3. Classification of stimulus as task-relevant (P3b) 
P3b amplitude. There were significant main effects of age [F(1, 43) =

6.53, p <.05, ηp
2 = 0.13], task [F(1, 43) = 17.35, p <.001, ηp

2 = 0.29], and 
stimulus [F(1, 43) = 102.04, p <.001, ηp

2 = 0.70]. The interaction be-
tween age and stimulus was significant [F(1, 43) = 12.72, p <.001, ηp

2 =

0.23], as was the three-way interaction between age, task and stimulus 
[F(1, 43) = 6.6, p <.05, ηp

2 = 0.13]. As Fig. 4c illustrates, in the case of 
the target stimulus, Y’s P3b amplitude reduced in DT compared to ST, 
but O’s amplitude did not change. 

2.3. Time-frequency analyses of EEG 

2.3.1. Attentional resourcing (parietal alpha-band desynchronization) 
Effects on parietal alpha-band power was analyzed separately for 

standard and target stimuli using 2 (Age: Y, O) × 2 (Task: ST, DT) × 20 
(Time: 50–1000 ms at 50 s intervals) mixed ANOVA with age as the 
between-subject and task and time as within-subject factors. Fig. 5 
summarizes the obtained results. 

Target stimuli. There were significant main effects of age [F(1, 43) =
4.23, p <.05, ηp

2 = 0.09; overall power was lower for O], task [F(1, 43) =
13.77, p <.001, ηp

2 = 0.24; power was lower in ST], and time [F(19, 817) 
= 37.48, p <.001, ηp

2 = 0.47; as shown in Fig. 5, power reduction was in 
the 600–1000 ms time period in ST and the 600–800 ms period in DT]. 
The interactions between task and time [F(19, 817) = 9.25, p <.001, ηp

2 

= 0.18] and time and age [F(1, 43) = 2.56, p <.05, ηp
2 = 0.06] were also 

significant. The significant ERD difference between Y and O was located 
in the 450–500 ms period in DT. There were no other significant effects. 

Standard stimuli. There were significant main effects of task [F(1, 43) 
= 6.88, p <.05, ηp

2 = 0.14; power was lower in ST] and time [F(19, 817) 
= 16.11, p <.001, ηp

2 = 0.27], and a significant interaction between age 
and time [F(19, 817) = 4.66, p <.001, ηp

2 = 0.10; O had reduced power 
relative to Y in the 250–300 ms time period]. There were no other sig-
nificant effects. 

2.3.2. Post-P3b working memory load (frontal beta-band synchronization) 
Effects on frontal beta-band power in the post-P3b period were 

analyzed separately for standard and target stimuli using 2 (Age: Y, O) ×
2 (Task: ST, DT) × 10 (Time: 550–1000 ms at 50 s intervals) mixed 
ANOVA with age as the between-subject and task and time as within- 
subject factors. 

Target stimuli. There were significant main effects of task [F(1, 43) =
7.18, p <.01, ηp

2 = 0.14; power was greater in DT] and time [F(9, 387) =
6.36, p <.001, ηp

2 = 0.13], and a significant task × time interaction [F(9, 
387) = 3.06, p <.01, ηp

2 = 0.07; DT higher power relative in the 600–700 
ms time period]. There were no other significant effects. 

Standard stimuli. There was a significant main effect of time [F(9, 
387) = 4.18, p <.001, ηp

2 = 0.09] and a significant interaction between 
age and time [F(9, 387) = 3.03, p <.05, ηp

2 = 0.07; numerically, O had 
greater power than Y in the 700–800 ms time period, but the means 
comparisons were not significant according to set criteria]. 

2.3.3. Visuomanual tracking deviation 
The observed patterns of tracking deviation in the motor-only, dual 

task (standard stimulus) and dual task (target stimulus) conditions can 
be seen in Fig. 6. The θ and ρ values over the course of the trial period are 
relative to the values at the latency of the P3b peak. The θ and ρ de-
viations were analyzed using a 2(Age:Y,O) × 3(Task: Motor-only, DT 
standard, DT target) × 5(Time Delay from P3b peak: 300, 600, 900, 

Fig. 2. Accuracy in the oddball task. * marks Bonferroni-corrected significant 
mean differences. 
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1200, 1500 ms) mixed ANOVA with age as the between-subject and task 
and time delay as within-subject factors. 

θ Deviation. There were significant interactions between age and time 
delay [F(4, 172) = 7.45, p <.01, ηp

2 = 0.15] and between task and time 
delay [F(8, 344) = 5.20, p <.01, ηp

2 = 0.11]. The three-way interaction 
between age, task and time delay was also significant [F(8, 344) = 5.81, 
p <.01, ηp

2 = 0.12]. Relative to Y, O produced a positive θ deviation (i.e., 
their controlled dot went ahead relative to Y) at the time delays of 600 
ms and up in the standard-stimulus dual task condition and at delays of 
900 ms and up in the target-stimulus dual task condition (Fig. 7). There 
were no significant deviations from the reference values at any delay in 
the motor-only condition. 

ρ Deviation. There were significant main effects of task [F(2, 86) =
4.10, p <.05, ηp

2 = 0.09] and time delay [F(4, 172) = 4.55, p <.01, ηp
2 =

0.10], but pairwise differences were not significant to corrected level. 
There were no significant deviations from the reference values at any 
delay in the motor-only condition. 

2.3.4. Effects of dual tasking on Spectral power over primary motor cortex 
For alpha-band power, we conducted a 2 (Age: Y, O) × 2 (Hemi-

sphere: LH, RH) × 5 (Condition: ST-standard, ST-target, DT-standard, 
DT-target, tracking-only) mixed ANOVA with age as the between- 
subject and hemisphere and condition as within-subject factors. There 
were significant main effects of hemisphere [F(1, 43) = 28.44, p <.001, 
ηp

2 = 0.40; LH showed more ERD, i.e., less power] and condition [F(4, 
172) = 22.82, p <.001, ηp

2 = 0.35]. Power was lower (indicating the 
expected presence of ERD) in the three conditions involving tracking. 
There were no other significant effects. There were no differences in 
alpha power over the contralateral motor cortex between tracking in the 
single and dual task conditions for Y or O. 

3. Discussion 

The target detection rate of Y reduced when the oddball task was 
performed concurrently with the visuomanual tracking task (Fig. 2) but 
this sign of dual task interference was notably absent in O’s detection 

Fig. 3. Grand average ERP waveforms for target stimuli derived from right occipital (a), fronto-central (b), and parietal (c) electrode clusters, showing, respectively, 
P1, P2 and P3b components in single and dual task conditions for young and older participants. The corresponding scalp topographies are of difference waves (single- 
task - dual-task) at the single-task peaks of young and older participants’ grand-average P1, P2 and P3. 
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rate in the dual task condition. O’s performance is consistent with pri-
oritization of oddball task performance (despite receiving the same in-
structions as Y), maintaining in both conditions an accuracy rate not 
matched by Y even in the single-task condition. This pattern suggests 
that, faced with the concurrent demands of the tracking task, O did not 
release cognitive resources (at a cost to performance) in the manner that 
Y appear to have done. We examine next the extent to which this age- 
related difference is expressed in the electrophysiological measures. 

At ~ 100 ms post stimulus onset, P1 amplitude was greater for the 
target stimulus, which was expected given its greater contrast. O’s P1 
amplitude was lower than Y’s reflecting a lower level of perceptual 
resourcing. O also showed less difference in P1 amplitude between the 
standard and target stimuli than Y, reflecting lower sensitivity to the 
difference in contrast between the two stimuli. The significant reduction 

in P1 amplitude in the dual task condition suggests that performing the 
tracking task reduced perceptual resourcing of oddball stimulus detec-
tion. Note that this effect was not significant when Y were studied alone 
in Baker et al. 2018, but as the pattern was the same for Y and O 
(Fig. 4a), we conclude that dual tasking did impact early-stage percep-
tual processing of the oddball stimulus. 

Even though O’s P1 amplitude was lower than Y’s, O’s target 
detection accuracy was greater than Y’s, suggesting that O may have 
better resourced the top-down categorization/template-matching func-
tion represented by P2 amplitude (Kim et al., 2008; Luck, 2014). Indeed, 
Y and O diverged in the P2 amplitude pattern across task and stimulus 
conditions (Fig. 4b). In the dual task condition, Y’s P2 amplitude to 
target stimuli reduced, but O’s did not. Even for the standard stimuli, O’s 
P2 amplitude increased during dual tasking (whereas Y’s did not 

Fig. 4. The effects of task and stimulus type on the P1 (a), P2 (b), and P3b (c) peaks of young and older participants. * marks Bonferroni-corrected significant mean 
differences. 
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change). While Y’s reduced resourcing (in the case of the target stimuli) 
in this template-matching stage reflects their reduced accuracy during 
dual tasking, O’s increased resourcing of this process (for both stimulus 
types) and their greater accuracy suggests that O did not reduce their 
focus on oddball-stimulus processing even under dual task load. We 
return to this issue when discussing age-related differences in tracking 
performance. 

In the case of P3b amplitude, which we take to be linked to identi-
fying the stimulus as the target and acknowledging its relevance to the 
response process (Luck, 2014; Polich, 2007), Y again showed attenua-
tion in the dual task condition (Fig. 4c), reflecting reduced resourcing of 
this process. This attenuation of P3b amplitude was not significant in O, 
however. This absence of an amplitude reduction reinforced our 
conclusion that, unlike Y, O did not reduce cognitive resourcing of the 
oddball task to accommodate the demands of the concurrent tracking 
task. 

We turn next to the patterns observed in the time–frequency analyses 
of EEG data. As the target stimulus in the oddball task is rarer than the 
standard one, it triggers a change in processing that should generate a 
parietal alpha-band ERD (i.e., power reduction) ~ 400–600 ms post 
stimulus onset (Sutoh et al., 2000). In both Y and O, the parietal ERD was 
reduced (i.e., power was higher) during dual tasking for both the stan-
dard and target stimuli, indicating dual task interference on the oddball 
task. In the case of the target stimulus (Fig. 5), O showed greater ERD 
than Y (i.e., lower parietal alpha-band power). This points to the 
continuation of O’s higher level of attentional resourcing of the oddball 
task compared to Y. 

The impact of dual tasking on working memory load was echoed in 
the level of frontal beta power observed in the post P3b time period 

(Fig. 5 shows the spectra for the target stimulus). Power here was greater 
in the dual task condition for both Y and O, reflecting the greater WM 
load relative to the single task condition (Doi et al., 2013; Holtzer et al., 
2011; Leone et al., 2017; Meester et al., 2014). Interestingly, O regis-
tered higher power than Y in the 700–800 ms time period in the case of 
the standard stimulus. We did not analyze this, but the late frontal effect 
(LFE) is a frontal ERP component that occurs in this time frame, at a 
higher amplitude in O, and is associated with monitoring post memory 
retrieval (Wolk et al., 2009). It is not clear whether the observed in-
crease in frontal beta power is linked to the LFE. If the increase in frontal 
beta power is an indication of elevated WM load late in the timeline, it 
may point to the age-related differences in tracking deviation that we 
discuss next. 

Tracking performance was steady for both Y and O in the motor-only 
condition (i.e., when they tracked without the concurrent oddball task), 
but tracking deviation was apparent in the post P3b period in the dual 
task conditions. Taking the case of target stimuli first, Y showed an 
angular advance (i.e., positive θ deviation) that peaked around 300 ms 
after the P3b and reversed thereafter (Figs. 6, 7). O’s similar angular 
advance was not only delayed relative to Y (peaking at around 600 ms 
post P3b), but also remained at a higher level than Y’s late into the 
epoch. Thus, the effect of dual task pressure resulted in a longer period 
of tracking inaccuracy in O in the case of the target stimulus. Interest-
ingly, O’s tendency to track ahead (in angular terms) following stimulus 
presentation was evident not only in the case of targets, but also in the 
case of standard stimuli. O went ahead over most of the latter part of the 
epoch. Unlike the targets, the standard stimuli did not require a post- 
identification tallying action (and the EF workload associated with 
this updating operation). Nevertheless, O’s tracking performance 

Fig. 5. Grand average time–frequency representation of target trials in single and dual task conditions for young and older participants. Spectral power changes (dB) 
as a function of time for target stimuli in single and dual-task conditions at frontal electode C21 (A), frontal beta power time series (B), power changes at parietal 
electrode A19 (C), and parietal alpha power time series (D). 
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suggests a draw of resources to the oddball task at the expense of 
tracking performance. Note, relatedly, O’s elevated WM load (as 
measured by frontal beta power) for both standard and target stimuli, 
when only the latter required an updating operation. This reinforces the 
interpretation that, unlike Y, O did not efficiently release resources from 
the cognitive task even when the stimulus was not a target. This type of 
cognitive-task prioritization has also been observed in the context of 
tracking tasks by Corp et al. (2018), who suggested that training O to 
better attend to motor coordination may be protective during activities 
with the risk of accidents and injury. This issue requires detailed 
investigation as evidence suggests that motor performance is in fact 
better when attention is directed externally to the environmental con-
sequences of action (Chua et al., 2021). This points to the use of 

perceptual information to guide motor coordination, which we address 
next. 

There was no evidence in the data suggesting a reduction of motor 
resourcing during dual tasking by either age group. The tracking-only 
and dual task conditions involved motor activity whereas the oddball 
single task did not. Accordingly, the analysis of alpha power over the 
contralateral motor cortex showed desynchronisation in these condi-
tions of motor activity compared to the oddball single task. However, 
there was no difference between tracking-only and dual task conditions 
in either age group. This is consistent with no reduction in motor 
resourcing due to dual tasking. The dual task impact on tracking per-
formance in both age groups may have occurred in the gathering and 
utilization of error information rather than motor planning or execution. 

Fig. 6. Grand average epoched θ (degrees) and ρ (pixels) deviations for the motor-only task and dual-task standard and target trials for young and older participants. 
Data are relativized to the θ and ρ values at the time of the participant group’s P3b peak in the dual-task target condition (shown as vertical lines). 

Fig. 7. Results for θ deviation in the motor tracking task. The horizontal axis shows latency from oddball stimulus onset. The motor-only time series is epoched in the 
same way for illustration. 
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Further studies are needed to fully explore this possibility. It is important 
to note here that the present study was limited in that it required 
tracking at comfortable speed only. This speed was established at an 
individual level, with O’s speeds ranging 72–104 dps (degrees per sec-
ond) and Y’s ranging 96–144 dps. Thus, the procedure for establishing a 
comfortable speed also enabled O to perform at a slower speed than Y. 
There is evidence that motor performance deteriorates more in O than Y 
when task speed increases (Riviere and Thakor, 1996). It is possible, 
therefore, that reduction in motor resourcing would be detectable in 
dual tasks where tracking occurs at faster-than-comfortable speeds. 

The key insight achieved through Baker et al.’s (2018) use of the 
present experimental paradigm with the Y cohort was that the inter-
ference between an effortful cognitive task (i.e., one requiring attention 
and EF resourcing) and a continuous sensorimotor coordination task can 
be temporally asymmetric. The addition of visuomanual tracking had a 
negative impact on the attentional resourcing of the oddball task (in the 
P2-P3 timeframe) but performing the oddball task resulted in tracking 
deviation only in the post-P3b timeframe, and this only occurred in the 
case of target stimuli. Baker et al. interpreted this pattern as indicating 
that it was the executive load of updating the targets tally that affected 
resourcing of the tracking task. The tracking task’s continuous resource 
demands were adaptively accommodated by reducing resourcing of the 
attentional components of the oddball task, and by accepting reduced 
accuracy in the executive task of updating the targets tally. This clarity 
in the dual task trade-offs was enabled by the choice of a cognitive task 
with clear functional stages with known electrophysiological correlates, 
and by pairing it with a visuomotor task whose errors could be contin-
uously measured, and whose speed could not be varied to accommodate 
the total workload of dual tasking. 

As dual task costs are known to be greater in older adults, the pur-
pose of applying the Baker et al. (2018) paradigm to the O cohort was to 
investigate how the age-accrued cognitive resource limitations affected 
resource-sharing between these two types of concurrent tasks. Even 
though both cohorts received identical instructions, and O were able to 
select their (on average slower) tracking speed in the same manner as Y, 
O did not demonstrate the adaptive changes shown by Y in terms of 
reduced resourcing of the oddball task when tracking concurrently. On 
the contrary, they increased resourcing of the oddball task (e.g., greater 
P2 amplitude and parietal ERD) when faced with the additional load of 
concurrent tracking. As a result, O maintained their oddball task accu-
racy. However, O’s tracking deviation in the post-P3b period suffered 
relative to Y, lasting significantly longer followed a later start. The fact 
that O also showed a similar pattern of tracking deviation to the stan-
dard stimuli (which did not require the EF of updating the targets tally) 
suggests that O decided to maintain focus on the oddball stimuli at the 
expense of tracking performance. In this light, it would be useful to 
contrast Y and O’s approach to cognitive-CSC dual tasking as the 
cognitive task’s discrimination and executive workloads are systemati-
cally varied. Also, as noted at the outset, aging is associated with com-
plex changes to the P300 complex as more anterior components become 
prominent in the 300 ms post-stimulus timeframe. Future studies using 
this paradigm could therefore conduct a broader analysis of the scalp 
distribution of positivity around this timepoint. This paradigm could 
also usefully extend to domains beyond visual attention, for example, to 
tasks requiring effortful linguistic processing (e.g., using the N400 to 
observe responses to semantic violation). 

Previous research on motor-cognitive dual tasking where the motor 
task involved maintaining the body’s balance showed that O tended to 
follow a posture-first principle, whereby they withdrew resourcing from 
the cognitive task as the prospect of failure in the balancing task arose. 
In research on dual tasking with gait, the most common and consistent 
effect of cognitive task load is to reduce gait speed, which can be 
interpreted as lowering the motor task’s load to accommodate the 
cognitive task’s demands. A reverse pattern of prioritizing cognitive task 
performance at the expense of motor task performance has also been 
observed, whereby Parkinson’s (Bloem et al., 2001) or stroke patients 

(Huitema et al., 2006) prioritized cognitive tasks over gait or balance 
control, or healthy O participants prioritized their planning of future 
stepping at the risk of losing their balance (Chapman and Hollands, 
2007). The present results obtained in the context of a fine motor control 
task fall in the latter category. In terms of clarifying the fundamental 
nature of cognitive-CSC interference, the key feature of the present task 
arrangement was that it did not offer O the possibility of slowing down 
the tracking task or accepting an elevated level of tracking error. Faced 
with a level of load that was not manageable, O may have needed to 
sequence operations from the two tasks (Buerskens et al., 2016) rather 
than the adaptive capacity-sharing (Pashler, 1994) that Y appear to have 
pursued. 

As results suggesting prioritization of cognitive and CSC tasks have 
been found for both gross and fine motor CSCs, the difference between 
strategic adjustments and operational interference may be a central 
point of interest. In the present paradigm, even the smallest tracking 
deviation was visible as error, and the circular tracking trajectory 
ensured that a change in direction was required at every instant to 
prevent error from growing. Such strict requirements are rarely applied 
on balance or gait tasks (for safety reasons if no other), leaving room for 
general strategic adjustments to the task situation. On the rare occasion 
that such precise performance requirements have been imposed on 
balance function, fundamental differences in interference between task 
types have been uncovered. For example, Barra et al. (2006) tested 
standing balance in the unstable tandem stance to the point of failure (i. 
e., participants had to arrest a fall by grabbing a beam) during dual 
tasking with either spatial or non-spatial tasks of equivalent load. 
Although studies combining both types of tasks with standing balance 
had previously found increases in postural sway with increased dual task 
load, Barra et al’s precise task requirement was able to show that the 
interference between spatial cognitive tasks and balancing is of a more 
fundamental nature, and that a modulation of postural sway by dual task 
load is not the same as amplifying the actual risk of balance failure. Only 
their spatial task was shown to be able to instigate the latter. 

The present paradigm of constant speed circular tracking combined 
with cognitive tasks whose constituent operations are accessible to 
temporally precise electrophysiological monitoring provides a similar 
opportunity to uncover precise loci of interference in the case of dual 
tasking with fine motor tasks. Future studies can test the impact of 
higher than comfortable tracking speed, the constancy and reliability of 
perceptual feedback, and the effects of environmental or central 
perturbation. Barra et al. (2006) noted that the ‘posture first’ principle 
can be transgressed if the individual is able to take risks believing that 
they will be able to arrest a fall. Similar variations in approach no doubt 
apply in the case of fine motor tasks, some of which can involve high 
levels of risk and varying possibilities of preventing harmful error. Even 
with the simplest of oddball contrasts (filled or unfilled circle) and a 
tracking speed personalized for comfort, the present paradigm was able 
to show a qualitative difference in Y and O’s approach to accommoda-
ting the dual task load. It is of significant interest that O prioritized the 
cognitive over the CSC task. It would be useful to study whether O would 
prioritize differently if the visuomanual tracking task was controlling a 
motor vehicle or operating tools or machinery where errors could be 
dangerous. This would increase the relative cost of failure, but its ur-
gency may not reach the same order as imminent balance failure which 
generates significant autonomic arousal and instigates reflexive 
corrective responses. 

4. Conclusion 

What the present results highlight is that the effects of age-related 
capacity limits in cognitive or motor functioning may not result sim-
ply in incremental amplification of the dual task interaction effects seen 
in younger adults. The age-related changes may instead lead to a shift in 
how the dual task demands are approached. It is clear from the present 
results that O may protect cognitive task performance instead of 
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balancing resources between tasks like Y do. In previous work on 
posture and gait control, O have adopted a posture-first principle at the 
expense of cognitive task performance. Whether this difference in O’s 
approach is determined by demands on gross or fine motor control, or by 
the potential costs of failure in either, will require further research to 
elucidate. Failure in gross motor tasks such as balancing or walking can 
be expensive, but so can de-prioritizing a visuomanual tracking task 
such as driving a vehicle or operating machinery. It is clear from a range 
of aging research that both cognitive and sensorimotor functioning 
gradually decline in later life. How these functional limitations affect 
strategic choices in resource allocation under different task conditions is 
the key question regarding the impact of accruing capacity limitations 
on CSC-cognitive multitasking in older age. 

5. Experimental procedure 

5.1. Participants 

The older participants were 28 self-reportedly right-handed older 
adults (13 females; mean age = 69.6 yrs, SD = 6.9, range: 60–89) who 
were recruited through the Trent Ageing Panel (of older participants 
from the Nottinghamshire community) and paid £20 for their partici-
pation. These participants also had normal or corrected-to-normal vision 
and reported a range of regular physical activity. None had any known 
neurological disorders at the time of participation. The young partici-
pants were the same 24 self-reportedly right-handed adults (13 females; 
mean age = 25.6 yrs, SD = 6.13, range: 19–42) recruited from the 
Nottingham Trent University (NTU) student community who were re-
ported in Baker et al. (2018). All had normal or corrected-to-normal 
vision, and no history of sensorimotor or cognitive deficits. None was 
currently taking prescribed medication. These participants were 
recruited through a research participation scheme for students and 
received research credits for their involvement. The data reported here 
for this group are identical to those in Baker et al’s (2018) study, except 
the new tracking deviation analyses using polar coordinates. All par-
ticipants gave informed consent before the session and were fully 
debriefed at the end. Ethical approval for this research was obtained 
from the Nottingham Trent University College of Business, Law and 
Social Sciences Research Ethics Committee. 

5.2. Apparatus and procedure 

The participants sat in a comfortable chair with their eyes positioned 
approximately 60 cm from the center of a 19′′ (48.26 cm) diagonal color 
LCD screen displaying 1600 × 900 pixels at 60 Hz (Fig. 1A). After 
describing the required tasks and the structure of the recording session, 
the experimenter obtained written informed consent, and then pre-
sented the pursuit tracking configuration task (see below) to establish 
the participants’ comfortable visuomanual tracking speed. The partici-
pant was then prepared for EEG data recording using a Biosemi 128- 
channel ActiveTwo system (Amsterdam, The Netherlands). Electrodes 
were placed in the Biosemi ABC configuration using a cap fitted to the 
participant’s head. The participant then performed the visuomanual 
tracking, visual oddball and dual task sessions in a counterbalanced 
order. Participants were instructed to fixate at the center of the display 
(fixation cross) at all times for each of the task conditions and to avoid 
looking at the moving dots. 

5.2.1. Motor task configuration 
The participants used a Wacom Intuos Pro digitizing tablet and stylus 

(Saitama, Japan) to pursue a small cyan-colored leading dot (r = 25 
pixels) rotating clockwise in a circle (r = 130 pixels; 36 mm) about a 
fixation cross (Fig. 1). Participants were positioned so that their eyes 
were approximately 800–850 mm from the fixation cross on the screen, 
so that the leading dot’s track subtended a visual angle of 2.42–2.57 deg 
with eyes at fixation (Fig. 1A). Note that the ability to split covert 

attention between spatial locations has been tested at up to 3.5 deg of 
eccentricity from fixation (e.g., McMains and Somers, 2004). The stylus’ 
position was represented on screen as a black dot (r = 20 pixels), and the 
participant’s task was to position the stylus over the tablet so as to keep 
the black controlled dot overlaid on the leading cyan dot throughout the 
trial duration (10 s). Seven trials were presented sequentially in which 
the angular velocity of the leading dot increased from 84 degrees per 
second (dps) in the first trial to 168 dps in the seventh trial (in 12 dps 
increments). The same seven trials were then presented in reverse order. 
For each trial, the proportion of the final 7 s of trial time during which 
the two dots overlapped in horizontal (x) and vertical (y) coordinates 
was calculated. The angular velocity at which a participant produced 
their third best tracking performance (i.e., the proportion of trial time in 
which the dots were superimposed) was taken as that participant’s 
comfortable visuomanual tracking speed. The participants’ chosen ve-
locities ranged from 96 dps to 144 dps for the young, and from 72 dps to 
108 dps for the older participants. The most common comfortable speed 
was 120 dps for the young and 84 dps for the older participants. In the 
experimental trials that followed this configuration task, each partici-
pant performed the visuomanual tracking task at their comfortable 
speed. 

5.2.2. Visuomanual tracking task 
The participants performed the visuo-manual tracking task at their 

comfortable speed (as determined earlier by the configuration task). 
This part of the session consisted of 8 blocks, each lasting 120 s. The 
screen coordinates of the leading and controlled dots and the partici-
pants’ EEG data were recorded. 

5.2.3. Visual oddball task 
A sequence of green-shaded (target stimulus) or green-outlined, non- 

shaded (standard stimulus) circles (r = 100 pixels) were presented, 
centered on the fixation cross (Fig. 1A). These stimuli were presented for 
200 ms, with an ISI of 2500 ms (Fig. 1B). Target and standard stimuli 
occurred at a ratio of 1:4, and there were 8, 10 or 12 targets presented in 
each block (the number of trials per block varied between 40 and 60). 
The participants’ task was to mentally count up the number of targets 
presented in a block and report it via keyboard response once the block 
had finished. There were 8 blocks of trials each in the single and dual 
task conditions (yielding a range of 64–96 targets and 256–384 standard 
stimuli in each task (single and dual). The number of blocks in which the 
number of targets were counted correctly was recorded. 

5.2.4. Dual tasking 
The participants performed the visual oddball task and the visuo-

manual tracking task simultaneously (Fig. 1B). Each of 8 blocks of 
approximately 120 s (40–60 oddball trials) started with the leading and 
controlled dots in overlapping position. As the leading dot started 
moving, and the oddball task got under way, the participants’ task was 
to maintain the positional overlap between the dots while counting the 
presented targets. The instantaneous coordinates of the controlled and 
leading dots, the target count, and the EEG data were recorded. Par-
ticipants were instructed to maintain eye fixation on the cross at the 
center of the screen for the duration of the task. 

5.3. Measures and analyses 

5.3.1. Oddball task accuracy 
Performance on the oddball task was defined as the proportion of 

blocks in which participants correctly counted all the target stimuli (up 
to 12 per block). Accuracy on a given block was reported as either a 1 or 
a 0, depending on whether they correctly reported the number of pre-
sented targets. Overall oddball task performance for each participant for 
each condition (oddball task and dual task) was calculated as a pro-
portion (%) of correct blocks out of the possible 8 blocks. 
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5.3.2. EEG data acquisition 
EEG data were recorded using 128 Ag/AgCl active pin electrodes at 

2.04 KHz and digitised at 24-bit resolution. Data were referenced online 
using a CMS/DRL feedback loop with online low pass filtering per-
formed in the analogue to digital converter (5th order sinc response with 
a -3 dB point at 1/5th of the sampling rate). Electrode offsets (difference 
in µv of each channel from the CMS electrode) were examined after 
electrode application and readjusted if the absolute value was >20 µV. 
Digital markers (event triggers) were inserted into the EEG data via a 
DB25 cable through a USB-Parallel port adapter (Neurospec AG, 
Switzerland). 

5.3.3. EEG data pre-processing and epoching 
EEG data were imported and processed using functions from EEGLAB 

(Delorme and Makeig, 2004). Data were resampled to 256 Hz, high-pass 
filtered at 1 Hz and low-pass filtered at 50 Hz using a linear finite im-
pulse response filter. Mains interference (50 Hz and 100 Hz harmonic) 
was derived and removed from each channel using CleanLine (Mullen, 
2012). Linear trends were removed from the data by removing the mean 
of each channel. Noisy channels were identified from datasets by visual 
inspection for high frequencies and extreme values and then eliminated. 
Channels with kurtosis over 5 SD from the mean kurtosis of all channels 
were also removed. EEG epochs were created by extracting data for 
− 150 to 1500 ms around each trigger (oddball stimulus onset). EEG 
epochs were searched for artefacts and were removed if they contained 
low frequency drifts and/or high frequency activity considered to be 
biomechanical. EEG was finally re-referenced to an average of all 
channels. 

5.3.4. Independent components analyses for artefact rejection 
Independent Components Analysis (Infomax ICA (Bell and Sejnow-

ski, 1995)) was applied to EEG epochs to identify sources contributing to 
the observed EEG data. ICA involves the de-mixing of signals measured 
across the scalp and is able to identify electrical sources that are maxi-
mally temporally independent, thus allowing for the analyses of neural 
functions in source space (as opposed to sensor space). Component 
properties (time-series, spectra, topography) were examined in order to 
identify non-brain sources. Ocular components such as blinks and eye 
movements were identified by low-frequency, non-time-locked fluctu-
ations with strong power concentrated at the front of the scalp. Muscle 
components were identified by high frequency activity with concen-
trated activity close to the jaw. Any suspect ocular and muscular com-
ponents identified during this process were removed from the observed 
EEG, and data were back-projected onto the electrodes. 

5.3.5. Event-related potential (ERP) analyses 
The EEG epochs were baseline-corrected by removing the mean of a 

baseline period (− 150 ms to stimulus onset) from the entire epoch. A 
series of figures displaying grand average scalp topography was pro-
duced from 0 to 1000 ms post stimulus-onset in 5 ms intervals. These 
frames were collated to produce an animation of scalp voltage distri-
bution as a function of time. The spatial concentration of maximum 
voltage in the time-range 80–120 ms, 180–220 ms, and 380–420 ms 
were used to determine electrode clusters for the extraction of the P1, 
P2, and P3 ERP measurements. A virtual electrode technique (Foxe and 
Simpson, 2002; Rousselet et al., 2010; Baker et al., 2018) was used to 
generate ERPs consisting of the maximum value over a cluster of elec-
trodes at each time point throughout the EEG epoch. This accounts for 
individual differences in which electrode presents the maximum 
response (Rousselet et al., 2010). P1 amplitude was quantified as the 
maximum (µv) within the 80–120 ms post stimulus period across a right 
occipital electrode cluster containing B7, B8, B9, A26, A27 and A28 
electrodes. P2 amplitude was quantified as the maximum (µv) within the 
180–220 ms post stimulus period across a midline fronto-central elec-
trode cluster containing C26, C20, C13, C25, C21 and C12 electrodes. 
P3b amplitude was quantified as the maximum (µv) within the 300–500 

ms post stimulus period across a midline parietal cluster containing A5, 
A19, A32, A18, A20 and A31 electrodes. P1, P2, and P3b latency were 
taken as the times (ms) of the respective amplitude maxima. 

5.3.6. Time-frequency and fronto-parietal coherence 
The newtimef function (EEGLAB) was used to calculate zero-padded 

FFTs with hanning window tapering in order to observe the power of 
frequencies as a function of time. For each participant, a matrix was 
produced containing log power (dB) values of 100 frequencies in the 
3–45 Hz range over the − 150–1500 ms period of each epoch. Alpha- 
band and beta-band power were taken as the average of power values 
over the 7–13 and the 13–21 Hz range, respectively. 

5.3.7. Visuomanual tracking deviation analysis 
The instantaneous positional difference between the leading and 

controlled dots in the visuomanual tracking task was represented in 
polar coordinates (θ, the angle subtended at the center, and ρ, the dis-
tance from the center). The θ deviation was set to be negative when the 
controlled dot fell behind the lead dot (and positive when it got ahead of 
the leading dot). The ρ deviation was positive when the controlled dot 
was farther than the leading dot from the center. For the statistical 
analysis of experimental effects, θ and ρ values at the latency of the P3b 
peak was taken as the reference, and deviations from the reference were 
calculated at delays from P3b peak of 300, 600, 900, 1200 and 1500 ms 
(Fig. 7). In the experimental condition with only the visuomanual 
tracking task, tracking data were epoched using what would have been 
the visual oddball task’s timeline (except, of course, those stimuli were 
not shown). 

5.3.8. Spectral power over motor cortex 
The spectopo function (EEGLAB) was used to compute alpha power 

spectral density at left hemisphere (D19) and right hemisphere (B22) 
sites (corresponding to C3 and C4, respectively) during single-task and 
dual task standard and target (oddball task) trial periods, and during the 
single-task motor-only trial periods. 

5.3.9. Analyses of Variance 
For all ANOVAs reported in the results, the significance level for 

omnibus effects was set to p = 0.05, and a Bonferroni correction (0.05/n; 
n = number of mean comparisons) was applied to post-hoc tests using 
Fisher’s LSD. 
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