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Abstract

Our cognitive systens encased in a physiaalachine Theability to process incoming information,
and to make decisions in order to guide behaviour, mmsin parallel to the operating of the lyod
in which it is boundThough often considereaddependentcoordinating the bodlgas been found to
interact with he mechanicsfaognitive operationsand the loading of the cognitive system has been
foundto influence the way in which we coordinate the botblyis bi-directional 6 m o -tognitived
interferencecanpose significant risk to body safetyontinuoussensorimotor coordination, such as
the delicataask of applying appropriaferce to thebreaksof a motor vehiclgis such a behaviour
that could prove fataf influenced bya demandingognitive operatioffe.g.reciting a shopping lit

It is therefore paramount that a detailed understanding of how these interferences uttfizithed.
This thesiautilizes electrophysiological measures and a sensitive pdraoking motor coordination
task in order taunravel the intricate pattern bé&havioural and psychological interferesitteat exist
during fine motor coordination, and the processing oftalkvant informationResults demonstrate
that during relatively basic task conditions, motor performance reewalargely intact while
resoucing of attentional components of the cognitive taskfered dilution, resulting in poorer
performance on the cognitive tagBnly whenonewasrequired to update information iorking
memory (e.g. adding to a tally)idderformance defits in motor control occukVhenthe attentional
components of the cognitive taskere stressedtaskrelevance was more ambiguous)ptor
performance deficitdoccurred. In sumthe load associated with referring to information held in
working memory and he updating of information held in working memory, introdudegcits in
fine motor coordinatiorandmaintaining accuracgiuring motor coordinatioresults inmodulations
to the resourcing of attentional components during a basic cognitiva beese fndings demonstrate
abi-directional interference pattern thaesymmetricand sensitive to theorking memory load of

the cognitive task being performed.
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Chapter 1: Introduction

Dual-Task Interference

Dual tasking is the concurrent performance of two tasks thabeaperformed independently,
measured separately and have distinct goals (Mclsaac et al, 2015). Although the successfu
simultaneous performance of two tasks can demonstrate the remarkable abilities of the human centr:
nervous system (CNS), it is the pmrhance deficits that often manifest during efiaeking that

reveal the specific intricate workings, and limitations of our cognitive system:tBslaparadigms

have a long history in the study of human cognition, and overloading a system (forcing the
performance of two simultaneous tasks) is a powerful way of exploring what the parts of a system
are, and how they function together (Pasher, 1994). When one attempts to execute two task
simultaneously, the tasks often interfere with each other (Luck, 1888)performance in one or

both tasks are modulated relative to when each of the tasks are performed in isolation. This chang

in performance is defined as duakk interference (DTI).

The cause of DTI in some tapkirs can often be easily explainedk& for example a task in which

an individual is required to read through a paragraph of text, whilst simultaneously talking about
something else. Here, there exists a conflict between what is being comprehended, and what is bein
produced. One could predithat the individual would not be able to recall the details of the
paragraph, or generate coherent sentences. Both of these tasks would require many shared proces:s
with the performance of one of the tasks compromising the performance of the otinere(H,

2003). In many other dugdisk scenarios, the reason for interference is not so clear (e.g. walking and
talking). In the absence of any obvious shared cognitive functions or physical incompatibilities, there
exists a framework by which interfer@nis explained by the limitations of attention (Kahneman,
1973), the serial processing of information (Ruthruff et al., 2001), and the degree of similarity

between tasks (Navon and Gopher, 1979). These are described below.

13
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Theories of dualtask interference

Although a number of theories have emerged in order to describe the root cause of performanc
deficits observed during dutdsk paradigms, they can be considered to fall into 3 main categories

(Pashler, 1994), namely, capacity sharing models, bot#temedels, and crogsalk models.

Capacity sharing model€f the most recognised theories of DTI is that of capacity sharing. This
theory postulates that performance in multiple atteatiemanding tasks deteriorates due to
limitations in available proeesi ng resources (Tombu & Jol i co:
attention (1973) describes attention as a flexible, limited resource that is allocated to simultaneously
performed tasks via a central processor. As the demands of a task increase, maneiatttloitated

to said task. This would necessarily reduce the amount of attentional resources available for
concurrent tasks, and behavioural deficits would be observed in one or both tasks. Navon & Gophe
(1979) and Pashler (1994) suggested a multgdeurces model, which states that different pools of
attention are available to be allocated to concurrent tasks, with each task tapping into separat
resources that are specific to functions used in the tasks. This, however, would postulate tha
individuds should be able to perform many tasks simultaneously without interference, given that
they rely on separate resource pools. Empirically, however, it is demonstrated that even in the contex
of tasks such as walking and talking, a eiaak scenario thatuggests little cognitive overlap,
interference can be observed {Ydhya, 2011)In addition to the above, a phenomena known as
attentional blink Ehapiroet al., 1997) might also explain dutakk performance deficitéttentional

blink describes the ifdlity to process a stimulus if it is immediately preceded by another. That is,
there exists an inability to process a stimulus if attention is still deployed to the processing of a
preceding stimulus. As such, attentional blodn also be largely explad by assuming that the
activation of multiple processes depends on a common caiauiiyd attentional process for
selecting behaviorally relevant events presented among temporally distributed dis{ugko&s

Marois, 2009).

14
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Bottleneck modelsAs analternative to attentionalapacity sharing models, DTI can be explained

by informationprocessing bottlenecks caused by multiple operations requiring access to a common
processor or neural network (Ruthruff et al., 2001). This suggests that the perfoghamtuatask

would be hindered, given the presence of a central, single channel that directs attention to relevar
processes necessary to perform a task. Interference occurs when two tasks require access to tt
single channel at the same time. Thisdeloneed not suggest a single bottleneck, the presence of
multiple bottlenecks that are associated with different types of cognitive functions could also explain
interference patterns (De Jong, 1993). Support for this theory is demonstrated by the Biatholo
Refractory Period (PRP) effect, whereby a delay in reaction time is caused by a bottleneck that
prevents preparation of a second action until the processing of a previous action is completed (Klapp
2018). That is, when two tasks require the samehar@sm at the same time, one or both tasks will

be delayed (Pashler, 1994).

Crosstalk models:Crosstalk models describe DTI arising from the degree of similarity between
pairs of tasks. That is, interference may not depend on the operation per say|ddepend on the
content of the information that is being processed (Navon and Gopher, 1979). Navon and Miller
(1987) proposed that DTI could be the resul
outputs, throughputs, or side effects that areha to the processing of another task (Pashler, 1994).
Crosstalk models could also account for facilitation effects sometimes observed itadkal
paradigms (e.g. Cicogna et al, 2005), whereby two tasks sharing the same neural population i

advantageasifor performance in both tasks (Leone et al., 2017)

Cognitive-motor interference

Cognitivemotor interference (CMi) is a specific case of DTI, whereby thetésétllinvolves a motor

task (e.g. pursuit tracking) and a cognitive task (e.g. counting backwBveryday tasks require a
finely tuned integration of bottomp and topdown cognitive operations alongside the need to
control the body. Whether simply standing or sitting, or controlling a vehicle or operating machinery,
cognitive processes must fuiet in parallel to continuous sensorimotor coordination (CSC). CSC

15
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tasks are characterized by sustained-tasistrained patterns of body or limb movements generated
by a combination of feedforward and percepfi@sed feedback control processes (Seieleal.,

2004). Accurate performance on CSC tasks is often paramount to the safety of the human body, suc
as the maintenance of a stable posture so as not to fall victim to gravitational forces, or the delicate
combination of breaking and accelerating whibhvigating road traffic. Such daily (dual) tasks that
require said combination of operations include standing at a bus stop and reading the number of a
oncoming bus, or maintaining lane position on the road while listening to directions. One might
obsewe that we perform most cognitimotor dualtasks as an effortless untaxing feat, and that
neither task should impede performance on the other given their reliance on (seemingly) separat
processes. However, literature concerning CMi have demonstratéti3@ds prone to performance
deficits during the simultaneous performance of-naior related cognitive tasks (Fraizer & Mitra,

2008; Recarte & Nunes, 2003).

Patterns of cognitive-motor interference

As previously mentioned, performance deficits are often observed when performing two tasks
simultaneously. The impact of du@isking on performance measures in a task are often quantified
as a cost function. Dushsk cost (DTC) typically represents aqmrtage change in performance
during dualtasking relative to when a task is performed independently (Friedman et al., 1982).
Though such performance deficits are common, the simultaneous execution of both a cognitive anc
a motor task can yield several pitde interference patterns. Plummer et al. (2013) proposed a
classification system to describe 9 possible interference patterns that can manifest in enghitive
duattasks. These include; (1) no interference (neither cognitive or motor task perferateamge

as a function of duahsking, relative to when they are performed in isolation), (2) cognitiated

motor interference (performance in the cognitive task remains stable, howevertasktor
performance is degraded), (3) matetated cognitivanterference (performance in the motor task
remains stable, however cognititesk performance is degraded), (4) motor facilitation (cognitive
performance remains stable, whereas performance in the motor task is improved relative to single

task conditions)(5) cognitive facilitation (motor performance remains stable, whereas performance
16
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in the cognitive task is improved relative to single task conditions), (6) cogpitimaty trade off
(improved performance in the cognitive task but impeded perforniatioe motor task is observed,
relative to single task conditions), (7) mofwiority trade off (improved performance in the motor
task but impeded performance in the cognitive task is observed, relative to single task conditions),
(8) mutual interferencéooth tasks suffer as a function of dual tasking), and (9) mutual facilitation

(performance in both the motor and cognitive tasks are improved relative to single task conditions.

Though Plummer et al. (2013) described 9 potential interference patterosutthmanifest during
duaktasking, they did not acknowledge the influence of the types of tasks, or the possible impact of
performer traits on the proposed outcomes. Mclsaac et al. (2015) have expanded on the framewor
provided by Plummer et al. (2018y defining a duatask taxonomy. This emphasises the impact of
task complexity, task pairings, novelty, environmental influences, and individual differences (e.g.

skill) on the specific types of interference patterns classified by Plummer et al. (2013).

Cognitive-motor interference in fine motor tasks

Fine motor tasks are tasks that require the use of small muscle sets in order to achieve a goal such
grasping, object manipulation, or drawing (Gonzalez et al., 2019). This is in contrast to gross motor
tasks that require large muscle control and movements, such as walking and balancing, which will
be discussed below. A number of fine motor tasks have previously been used in the study of attentiol
and motorskill acquisition, such as the Bilibili Dentisame (Yoshikawa et al., 2020), finger tapping

task (PenneWilger et al., 2007), and piano negequence tasks (Pasclabne et al., 1995).
Though such tasks can provide a means of testing motor performance, they offer rudimentary
measures of behaviour,dlack the resolution for finegrained analyses of the mechanisms involved

in precise motor control. An alternative means of studying fine motor control is the utilization of

pursuit tracking methods.

Pursuit tracking:In the laboratory, pursuttackinginvolves continuously minimizing the positional
error between a manually controlled cursor and an independently moving, coogniteiled

visual target on a screen (Brown, 1998; Gazes et al., 2010). The continuous nature of pursuit tracking
17
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and the ingintaneous recording of the relative distances between a moving and a controlled object
allows for the examination of the temporal mechanics of a motor task. That is, any deviation from a
set trajectory provided by a computamtrolled target can be coneigd as performance error.
Deviation measures are typically expressed in cartesian space (i.e. the physical distance between tl
moving target and the controlled curser, usually given in the number of pixels in both X and Y
dimensions). A limitation of alysing tracking deviations using Cartesian coordinates in circular
tasks is that separable estimates for the angular deviation (i.e., whether a controlled object is ahea
or behind a computerontrolled object in terms of the angle subtended on a refewexis) or the

radial deviation (whether the controlled object deviates into or out of a circle defined by a cemputer
controlled object) cannot be obtained. A given set of horizontal and vertical deviations could result
from different angular and radial dations depending on the quadrant of a circle. As such, an
alternative means of analysing tracking deviations in a circular task is to convert Cartesian

coordinates into polar coordinates (Choi et al., 2021).

Analysing tracking deviation timeseries in @olspace for circular tracking tasks allows for the
analysis of angular deviations (theta) and radial deviations (rho). Both theta and rho values can b
positive or negative at a given time, and reflects the position of a controlled object relative to a
computercontrolled object. A negative theta value would indicate that a controlled object is
positioned behind a computeontrolled object, whereby the larger the (negative) value, the larger
the angular difference. As such, a negative trend in a consrmeasure of theta would indicate a
slowing down of a controlled object relative to a computartrolled object (Kim et al., 2017). In
contrast, an increase in theta would indicate that a controlled object is positioned in advance of ¢
computercontrolledobject, and a positive trend in a continuous measure of theta would indicate a
speeding up of a controlled object (Kim et al., 2017). The measure of rho reveals the radial difference
between two objects at a given time point, and reflects whether a lEhiobject is positioned

inside or outside of a circular trajectory defined by a comgdatrolled object (Kim et al., 2017).

A negative rho value indicates that a controlled object is positioned inside of a circular trajectory
(closer to the centre tfie circle), whereas a positive rho value would indicate that a controlled object

is positioned beyond (outside) the trajectory set by a compaterolled object (Kim et al., 2017).
18
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The successful performance of a circular pursuit tracking task netessguires two separate
motor behaviours and can be considered to reflect the dynamics of @priagsmodel. First, a
tangential energy input is necessary to maintain the speed of a controlled labjeder to match

the speed of a leading object glaipplied tangential force must be predicted based on observation of
the leading objectGiven afailure to observe the speed set by the leading olfgath as the
redirection of attentionthen the force applied to the controlled objeight be too litle or too large,
resulting in a decrease or increase in theta, respectively. Secondly, given that the controlled objec
must follow the trajectory of the leading object, a centripetal action must be applied in order to curtail
the movement of the contretl object so as to be continuously positioned at the boundary of a circle.
That is, the tangential energy input must be accompanied by a continuous adjustheedirettion

of the applied energy in order to maintain a circular action. If the centrgmsiah is too little, then

the controlled object will stray out of the boundary of the circle, as indicated by an increase in rho.
On the other hand, if too much centripetal action is applied, then the controlled object will stray

inside the boundary ohe circle, as indicated by a decrease in rho.

In sum, if the controlled object is falling behind (decrease in theta), then a correction for a reduced
energy input is not being applied. If the controlled object is positioned ahead of the leading object
(increase in theta), then too much tangential energy is being apiplibe. controlled object is
positioned outside of the circle (increase in rho), then not enough centripetal action is being appliec
(not turning enough), whereas too much centripetal aat#n (decrease in rho) would position the

controlled object towards the centre of the circle.

Behavioural studies

Pursuittracking has a long history of use in studies of dask interference. Brown (1998)
demonstrated the impact of pursuit trackomytiming performance during a temporal production
task. The timing of produced tapping was impeded during-tdgll conditions, though this was
reduced following a practice period for the tracking task. This demonstrated that practice can reduce

the atteh i on al demands of a task, and |l essen itéo
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(2001) utilized a tracking task in which participants were required to track a moving target with a
joystick. Of interest was the effects of active listening and/emation on tracking performance and

the ability to quickly respond to a salient target with a button press. Interestingly, simply listening to
a radio broadcast had no impact on tracking performance or reaction times to targets. Unconstraine
conversatias however, significantly increased reaction times to targets while participants were
engaged in the tracking task. The authors postulate that the active engagement in conversation ar
the attentional demands of word generation are the contributing faatpesformance deficits in
tracking. These findings argue against a mukipgource model of attention, as such models
propose that an auditemerbal task should not impede a vissphtial task. Similar findings were
observed by Kemper et al. (2009, which language production significantly interfered with
tracking performance. Interestingly, young and old adults were included in the study, and CMi was
greater for young adults relative to older adults. Older adults were able to maintain stalbhg tracki
performance by speaking more slowly. These findings demonstrate that younger and older adults us

different strategies to accommodate diagk demands.

Maslovat et al. (2015) found evidence for a facilitative effect on preparatory activation dutiak a d
task paradigm when both tasks were motoric in nature. This was opposed to an attenuation effec
when the primary task was a cognitive task. As such, motor performance in a secondary task wa:
enhanced when the primary task involved pursuit trackings fitniling supports the idea that the
performance on a task can be enhanced if a secondary task recruits similar neural ghtdonays

et al., 2017) In contrast however, McLeod (1977) and Lee & Digby (1986) found that pursuit
tracking was hindered due tbe requirement of a motor response in a secondary task. Such
contrasting findings highlight the need for the consideration of the characteristics of the single tasks

in order to fully understand the mechanisms involved.

Neuroimaging studies

Though behavioural measures can offer clear insights into the susceptibilities of certain cognitive

operations to simultaneous motor demands, neuroimaging studies can reveal the direct engageme
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of cortical areas and networks in the processing of infeomaturing cognitivemotor duaitasks.
Neuroimaging is a neimvasive method of exploring the mechanisms of cognition via an indirect
measure of cortical activation. Of the most popular neuroimaging methods, functional magnetic
resonance imaging (fMRI) meares changes in local oxygenated blood flow, and convolves the
haemodynamic response function with stimulus and task events during cognitive and motor tasks
Changes in the relative distribution of oxygenated and deoxygenated haemoglobin observed in the
blood can be used to infer local cortical involvement. In addition, a more recent method is that of
functional neatinfrared spectroscopy (fNIRS). This optical method is also sensitive to cerebral blood

flow, and is less technically and financially demawgdielative to fMRI.

In a comprehensive review, Leone et al (2017) describes 4 potential patterns of CMi in neuroimaging
studies that describe activation differences between single antbdkalonditions: oveadditive,

additive, undeadditive, and misdeneous.

Overadditive Overadditive effects describe an increase in activation in cortical areas during dual
task conditions, or the involvement of additional areas that are not activated in single task conditions.
That is, performance of a dui@sk ©nsists of more than a sum of the single tasks. For example,
activations of the prefrontal cortex during dimsking that are not present under single task
conditions for either task (Schubert & Szameitat, 2003; Wu et al., 2013). These studies demonstrat
the important role of the prefrontal cortex, parietal cortex, and even the cerebellum in the
coordination of multiple task demands, and could represent a control system that manatges dual
situations (Collette et al., 2005). Wu et al., (2013) suggéistedhe networks involved in individual

tasks could be integrated into a single network by a linkage from distinct cortical areaad@itige
activations could therefore suggest the existence of a locus for CMi in cortical areas associated witl

execuive functions and toplown attentional control (leone et al., 2017)

Additive activation additive activation describes duakk cortical activations as a sum of the
activations of the single tasks (Adcock et al., 2000), and implies that there is no specific brain regions

engaged due to dutdsking. Interference is the result of an oveblapveen processes involved in
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each separate single task, and the resource requirements of theskuate the combined

requirements of the single tasks (Leone et al., 2017).

Under activation:under activation describes the observation of a dampeniagoftical response
under duatask conditions relative to single task conditions. Explanations for a reduction in
activation are the dividing of activation across more cortical areas durintpdlalg (Just & Varma,
2007), and attentional resource dibmt (Anderson et al., 2011). Just et al. (2008) observed a
reduction of cortical activation in regions associated with the performance of a driving task when
participants were engaged in sentence listening. This included a reduction in bilateral padetal,

extrastriate cortex during dutdsking, relative to single task conditions.

Miscellaneous miscellaneous activations describe combinations of activation pattern. That is, the
presence of both under and additive activations. Nijboer et al. (20143 esexbination of 3 single

task and their duahsk combinations and found no evidence of a dedicated multitasking brain region,
but identified both under and over additive activations in different cortical areas. The authors sugges

that CMi is due to anverlap in attentional resourcing due to single task similarities.

In sum, the wealth of neuroimaging studies concerning CMi suggest that a specific locus of
interference does not exist (Leone et al., 2017). Though some studies demonstrate an additione
involvement of prefrontal areas in ddabk situations, these only occur in some task combinations,
can could depend on the nature of the single tasks themselves. Given that such studies utilize mar
different task types, it is not possible to draw finahdusions based on the current available

evidence.

Electrophysiological studies

Though neuroimaging techniques allow for the observation of the spatial distribution of activation
during dualtasks, it offers little for the observations of the temporaladyics of information
processing. Though modern neuroimaging techniques (e.g-revated fMRI) offer a more precise

investigation into the time course of task processing, it is electrophysiological methods such as
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electroencephalography (EEG) that previthe temporal resolution necessary to study the time
course of task components in sufficient detail. EEG is the measurement of voltage fluctuations on
the scalp during rest or task performance. Bgstaptic dendritic currents from cortical pyramidal

cells propagate through the different mediums of the head via volume condition. These currents ther
exchange ions with the surface of electrode tips placed above the scalp via a conductive gel. Th
resulting signal i's gi ven ve ornegatie rdependihgton theg € V
reference sighal. EEG signals therefore present an oscillatingsdiries of voltage that reflects

neural processing and other electrical sources.

Given that EEG is not a direct measure of the electrical activity of neutenresulting patterns of
activity can reflect not only neuronal activity, but also sources of noise such as muscle activity and
eye movements. Therefore, though the process of volume condition makes the measurement of EE
possible, it also renders thignal susceptible to signals that are not of interest. Regardless, modern
EEG systems allow for the observation of voltage changes in the order of milliseconds, and can
reveal instantaneous changes in cortical dynamics in response to stimulation adehtaskls. A
number of measures can be derived from a continuous EEG measurement, and are typicall
considered to be categorised into time domain analyses and frequency domain analyses. Tim
domain analyses (such as Evegitited potentials, described belamalyse the change in amplitude

of a given signal in time, whereas frequency domain analyses involves the measurement of frequenc

modulations in the EEG, such as the change in power of a given band of frequencies.

Eventrelated Potentials Eventrelated potentials (ERPs) are time and phéstked responses
contained in an ongoing EEG signal that can be recordedéhmasively from the scalp. ERPs can

be considered manifestations of the processes involved in cognitive operations and the processing
physcal stimulation, and present the response of large assemblies of cells that are involved in saic
operations. Following the averaging of many trials, reliable peaks/troughs can be observed at
different times surrounding the onset of a physical or cogretremt. ERP nomenclature is typically
characterised by the polarity of the component (P or N), followed by a time in milliseconds, or the

temporal position of a local maximum/minimum. Specific ERP components are proposed to be
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associated with specific cogjme processes and are used as a tool to investigate the behaviour of the
Central Nervous System (CNS) under different task conditions. ERPs can be categorised into twc
distinct groups; exogenous and endogenous. Exogenous ERP components are obsévebd relat

early, and are sensitive to the physical properties of a stimulus, whereas endogenous components &
observed relatively later, and are thought to reflect the processes involved in the evaluation of a

stimulus and the preparing for a relevant respd8sir & Singa, 2009).

Two distinct properties of an ERP component are often reported; amplitude (or magnitude) and
latency (either peak onset time or time of local maximum). ERP amplitude is sensitive to a number
of parameters, though physiologically éedent on the number of contributing sources (the number

of cells actively involved in an operation), their orientations, and the temporal synchronicity of their
activity. Averaged ERP amplitudes are sensitive totorfial latency variability, wherebyariation

in single trial peak latencies broaden and lower measured average responses. Peak amplitudes
early exogenous components have been found to be modulated by stimulus intensity, such a
brightness and contrast (Johannes et al., 1995), in ilghtdarstimuli induce larger amplitudes (i.e.
the stimulation provides more 6signal d, and
peak amplitude of later endogenous components have been found to be modulated by working

memory load (Rangy1993), arousal (Delplanque et al., 2006), and attention (Polich, 2007).

A number of ERP components have been considered in the literature ohHoOMjh a large number

of experimental paradigms have been developed in order to elicit specific ERP cotagonée

study of cognitive phenomena, the visual oddball task has been demonstrated to be a robust an
simple paradigm thatliably elicits a number of ERP componentsimterest The visual oddball

task requires participants to respofovertly, e.g.with a button press, or covertly, e.g. silently
counting)to relatively rare targets amongst a continuous train of standaretdrget) and target
stimuli. A target stimulus can differ from standard stimuli in a number of ways (such as physical
differences e.g. colour, or semantic differences). A number adnigrhave previously been used,
such as 2 stimulus tasks (as described above), or 3 stimulus tasks, whereby the target and stande

stimulii are acdomhmpadnide ¢ tThigtask taa e gandidenad toiconsist of
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a number of separatask elements (Luck, 2014), each with a corresponding neural sigrfatate.

one must detect a stimulus on the screen, second, this detected stimulus must be deciphered a
compared against a representation of a target stimulus held in working memiody.ofice a
stimulus has been appropriately classified, a response is prepared and executed (respond or not).
the task is to silently count the humber of target stimuli, then an additional requisite is to add to a
continuous count. A number of ERP compats associated with each of these task components are

detailed herein.

P1: Around 100 milliseconds following the presentation of a visual stimulus, a positive peak (when
referenced to mastoids or an average of all electrodes) is reliably observeddipitalagectrodes.

P1 is a component often examined in studies of visual processing and visual attention and is thougt
to reflect early stage processing of visual stimulation (Hillyard et al., 1998; Mangun, 1995). P1 is an
exogenous component and hasrbskown to be sensitive to the physical properties of a stimulus,
such as brightness and contrast (Cesarei et al., 2013; Johannes et al., 1995), where higher contr:
and brighter stimuli produce larger P1 amplitudes. P1 parameters have been demdosbeted
sensitive to selective visual attention (Hillyard et al., 1998; Luck et al., 1993; Rugg et al., 1987),
where higher P1 amplitudes are observed when attention is directed to the location of a stimulus (an
attenuated when a stimulus appears outsideeofocus of visual attention (Luck et al., 1994)). An
enhancement of P1 is thought to reflect the facilitation of early sensory processing for stimuli
presented at an attended location (Luck et al., 1994). Though this demonstrates that P1 can b
modulat@ by focused, spatial attention, there still exists the question as to whethspaiiath
attentional mechanisms can influence P1. There is little evidence to suggest that endogenous, toy
down, global attentional mechanisms modulate P1 (Hopfinger & \2@85). Though most studies

that have examined the effects of dtadking on P1 amplitudes found no manifestation of
interference (Capizzi et al., 2013; Gherri & Eimer, 2010), others have demonstrated the effects of
increased working memory load and rapatial attentional effects on early visual evoked potentials,
including P1 (Pratt et al., 2011; Ross et al., 2017; Taylor, 2002; Yang et al., 2015). This would
suggest that at least under certain conditions, the early stages of visual processing are indee

modulated by the attentional state of an individual, and that the dilution of a central finite attentional
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resource due to ongoing simultaneous task demands, could impact the way in which we proces

visual information.

P2: the P2 ERP component manifest®gositive going perturbation in the signal (when referenced

to mastoids or average) around 200 ms following the presentation of target stimuli. This is observec
at midline frontecentral electrodes and is thought to reflect the evaluation of a stifoultesk
relevant features (Kim et al., 2008; Luck & Hillyard, 1994; Potts, 2004). P2 has also been
demonstrated to represent the partial retrieval of semantic information frortelongnemory into
working memory (Raney, 1993). The evaluation of a stisifihw target features would necessarily
invol ve the retrieval of what <constitutes Ot
stimulus or one that has been previously pre
held in working memory (Potts, 2004). P2 amplitude has been found to increase when patrticipants
actively attend to stimuli (Hillyard et al., 1973), and demonstrated to be particularly insensitive to
increases in task difficulty within a task (Shaw et al., 2018). P2lezefore serve as means of
investigating selective attention and working memory in visual target detection tasks (Potts et al.,
1996). The susceptibility of the P2 component under-thskl conditions is not well understood.
Luck (1998) and Tumber et &2014) found no modulation of P2 amplitude during eaak
conditions, suggesting a limited effect of divided attentional resources on P2. The effects of motor

cognitive dualtasking on P2 therefore remain elusive.

P300/P3b: Of the most frequently utdiz ERP components in understanding attentional mechanisms
involved in cognitive tasks is the P300, also known as the P3 complex. The P3 complex consists o
a series of positive deflections (when referenced to mastoids or average) observed in the signe
following the presentation of a novel (relative to preceding stimuli) and/or task relevant stimuli (i.e.
those which require a response/further evaluation). The P3 complex contains several parts that reflec
an information processing cascade when attentamélmemory mechanisms are engaged (Polich,
2007). Around 300 ms following the presentation of a novel stimulus (i.e., a stimulus with
physical/semantic differences to the ones preceding it), a peak can be observed -aefrato

electrodes. This is knawas the P3a (or, Novelty P3), and is thought to represent the updating of the
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current 6ment al model 6 of the stimulus <cont
preceding stimulus, then sensory evoked potentials (such as P1 and P2) Wiebed, but not a
P3a. However, in the case of the identificat

stimulus representation, and a P3a is also observed (Kujala & N&aténen, 2003).

If the currently presented stimulus is taskevant (ie., requires a response or further evaluation),
then a P3b can be observed. P3b is a large positive deviation in the signal observed-pacietatal
electrodes. Therefore, the P3b is subsequent to the frontal P3a, when a noveletasik stimulus

is presented. P3b is therefore associated with endogenously driven effortful orienting, as opposed t
orienting a response due to novelty (Luck, 2014; Polich, 2007). P3b magnitude has been
demonstrated to be influenced by concurrent task demands (Isabal 800; Kida et al., 2004; Kok,

2001) and is often measured and considered as an index of attentional resource allocation (Polict
2007). This is demonstrated in daask paradigms, where an increase in task difficulty and working
memory load in a pmary task, can attenuate the amplitude of P3b elicited from stimuli in a
secondary task (Matthews et al., 2005; Pratt et al., 2011; Ross et al., 2018). P3b amplitude and latenc
modulation can therefore be a useful tool for investigating the taxing effesfsecific cognitive

loads and additional task demands on stimulus processing and response preparation. In the case
motorcognitive interference, P3b amplitude in response to target stimuli has been shown to be
attenuated during the simultaneous periance of a motor task (AMahya et al., 2011; Isreal et al.,
1980), potentially indicating a draw on attentional resources, and manifesting as an attenuation of
P3b amplitude. Therefore, the degree to which P3b amplitude is attenuated during the pegforman

of an additional (simultaneous) task, can reveal the attentional cost of said task.

Frequency based measur&EG time series present summations of continuous oscillating voltages
both at rest, and during the performance of a task. The frequenchessefdscillations have been
associated with behavioural and cognitive states, and can present dynamic changes in their powe
(and thus proportion of their total power relative to the total power of the entire EEG bandwidth), in
response to an event, and firocessing of stimulation. Changes in the parameters of said frequencies

(such as power and phase) in response to such events can be referred to-BelBteshSpectral
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Perturbations (Delorme & Makeig, 2004). An increase in power of a certain freqoleseyed at

some electrode following an event is referred to as engtatted synchronization (ERS), whereas a
decrease following an event is referred to as eraglated desynchronization (ERD). These
frequencies can also be observed simultaneouslycaséwarate sites, so as to express a degree of
similarity in the spectra across both sites. This is known as coherence, and is expressed as
coefficient for each frequency. Everglated changes in the degree of similarity of power and phase
within a freqiency across electrode sites are referred to as-eslateéd magnitude coherence, and
eventrelated phase coherence, respectively. The behaviours of these coefficients allow for the
examination of network scale phenomena in the brain, and can be usediytotre flow of
information processing, and the functional connectivity of local and global structures (Locatelli et

al., 1997).

A number of frequency measures have been considered in the CMi literatuaesedaction othese

will be described herein.

Alpha power: Frequencies between 7 and 14 Hz within the EEG typically define the range of the
alpha band. Alpha has a long history in the field of cognitive neuroscience, and is typically considered
to reflect active inhibition of cortical functioning (iddesch et al., 2007; Sumich et al., 2018). Though
often associated with the idling brain (Mulholland, 1995), research has demonstrated association:
between alpha power and cognitive operations (Basar et al., 1989; Kolev & Schurmann, 1992). More
specifically, attention and working memory processing has been found to be associated with an
increase in frontal alpha power and phase from 500 to 1000 ms post stimulus onset (Kolev et al.
2001; Krause et al., 2000; Yordanova & Kolev, 1998). This literature deratessta functional
relationship between an evartfated increase in alpha at frontal electrode sites, and WM demands
during a task. Though alpha power at freoémtral sites in tasks involving WM processes is thought

to reflect inhibition of taskrrelevant information (Klimesch et al., 1998), recent work using-post
cuing paradigms, that allow systematic manipulation of relevant and irrelevant WM load (Manza et
al., 2014), suggest that frontentral alpha power reflects maintenance of-tethvant WM lad,

and is related to task accuracy. An evestated decrease in alpha power at parietal electrode sites
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has been identified during oddball tasks at around 300 ms following the presentation of target stimuli,
and is thought to reflect processes compariabthose involved with the generation of P3b (Bernat

et al., 2007; Sutoh, 200M3b is considered to reflect context updating of a target stimulus (Donchin

& Cole, 1988) and information acquisition processes (Rushkin et al., 199®adbieen found to

be irsensitive to memory retention (Rushkin et al., 1980yontrast, reductions in alpha power may
reflect processes related to memory operations. (Rushkin et al., 1990). Alpha ERD has also bee
shown to occur after the onset of P3b, suggesting a thsisocwith P3b ands perhapseflective

of later cognitive processes (Sutoh et al., 20B8)such, the magnitude of ERD seems to reflect not
only stimulusrelatedrecognition processdas also indicated by P3Hjut also the amount of mental

effort in task (Kathner et al., 2014; Krause et al., 200Dhe extent of cortical alpha oscillations
suggests that such processing involves more cortical fields to a greater degree than that expected f
automatic sensofgerception processes (Sutoh et al., 200@erefore,parietal alpha ERD is
considered to reflect increased cognitive processing during the processing of target stimuli in oddbal
tasks (Yordanova & Kolev, 1998), and has been shown to represent increased attentional resourc
allocation and memorypdating (Peng et al., 2015). Alpha ERD is thought to indicate an increased
excitability level of cells in active cortical areas, which may reflect an enhanced information transfer
in thalamecortical circuits (Neuper & Pfurtscheller, 2001). If increasednitive processing (as
indicated by alpha ERD) is impaired by du@sking, parietal ERD ought to be attenuated. As such,
parietal alpha power may inform the specific utilization of attentional resources allocated to working
memory/action monitoring ana thigh-order multisensory processing, respectively (Shaw et al.,

2018).

Beta power: Frequencies between 15 and 22 Hz within the EEG typically define the range of the bets
band. Beta activation is often observed during active periods of concentftatimmi €t al., 2018,
sensory gating in the somatosensory system (Neuper et al., 2006), selective attentiof FEiegel

2010), and large scale neuronal integration (Do#né&iegel, 2011). Frontal beta ERS has been
found to be elicited during target stimalprocessing in a visual working memory task (Pesonen,
2007), and during anticipation of WM demands (Altamura et al., 2010). This literature demonstrates

a functional relationship between an eveitited increase in beta at frontal electrode sites, and WM
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demands during a task. Beta band activity has also been associated with mathematical operatior
(Fernandez et al., 1995; Lin et al., 2011), whereby an increase in beta power is observed for difficull
arithmetic.A number of studies that report modulatiangrontal beta activity during WM tasks
report frequencies that would normally be considered to comprise alpha activity (e.g. Onton &
Makeig 2005;Deiberet al., 200Y. As suchmodulations in activation in both frontal alpha and4ow

beta power have be@bserved during WM tasks.

Frontoparietal magnitude and phase coherence: Increased attentional resources required by dua
task demands are thought to necessitate involvement of prefrontal cortex (Cudmore et al., 2000)
Coordination in the frontgparietal network (Corbetta & Shulman, 2002) underpinning attention and
WM tasks (such as oddball detection) is electrophysiologically reflected in-ladpttacoherence

bet ween front al and parietal sites (G¢ghnal,ekin
2006; Van Schouwenburg et al., 2017). Glintekin et al. (2008) have shown for example, that impairec
cortical connecti vi t yparietalalphtbant eherarce id asvisualoddball e s
task. Magnitude (amplitude) and phase coherameaneasures of the instantaneous synchronicity
(amplitude correlation and phase angle correlation, respectively) of brain regions within certain
frequency bands, and are expressed as time series of coefficients. Any change in the demands of
network is &pressed as modulations to said coefficients over time. Regardintpdkialg, Kwon

et al. (2015) demonstrated that attentionaldopn processes as signified by froqarietal alpha
coherence can be reduced during word recall and a simultaneousrootdatask, suggesting that

the addition of a secondary task can tax the operations of a fpamtatal network.

Spectral power over motor cortices: Manual task execution is accompanied by anekatedt
desynchronization (ERD) over contralateral priynmotor cortex characterized by reduced power

in the alpha (713 Hz) and beta (330 Hz) bands (Pfurtscheller & Lopes da Silva, 1999). This
reduction in alpha and beta power is thought to represent an active involvement of the motor cortex
in a task. Redttions in such frequencies have also been observed during the mere observation of

movement luthukumaraswamy & Johnson, 200%here exists very literature on ddakk effects
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on alpha and beta ERD observed over motor cortex, though Lin et al. (20bbgdige a reduction

in beta power over motor cortex during dtemsking relative to a single task condition.

Cognitive-motor interference in gross motor coordination

The literature presented above highlight CMi in the context of fine motor coordirBtiongh CMi

has been observed in tasks that utilize elementary motor tasks (such as pursuit tracking), there als
exists literature on CMi in the context of gross motor coordination, such as driving and maintaining
a stable posture.éPformance in CSC tasksuch as driving a motor vehicle, gaiected walking

or even upright standing, must be maintained while carrying out a conversation, a sequence O
memory or problersolving operations, or planning future actions. In the case of driving, sueh dual
task effects have been of particular research interest with respect to interference from mobile
(cellular) telephone conversation (Recarte & Nunes, 2003; Strayer & Johnston, 2001asRggalit

and balance have also been extensively researched as conagretiNve load is a recognized risk
factor in falling in old age (Amboni et al., 2013; Rubinstein, 2006), and decliningtaklal
performance is a salient feature not only of healthy aging (Fraizer & Mitra, 2008; Springer et al.,
2006), but also thetimegor se of neur ol ogical conditions s
2001; YogevSeligmann et al., 2007), multiple sclerosis (Leone et al., 2020; 2015) and dementia
(limker & Lamoth, 2012). Recent research has shown that a range of cognitive tadlksawith
everyday CSCs such as driving (Beede & Cass 2006; Nijboer et al., 2016; Recarte & Nunes, 2003)
walking (Al-Yahya et al., 2011; Holtzer et al., 2012) and balancing (Fraizer & Mitra, 2008), and that
the level of interference tends to be gredteold age relative to healthy young individuals (Li &
Lindenberger, 2002). Thus, despite their apparent autonomy in the healthy young aneageddle

adults, everyday CSC tasks make demands on higher level cognitive resources.

In the context of CS€ogniive dualtasking, the literature on driving (Beede & Kass, 2006; Nijboer

et al., 2016; Recarte & Nunes, 2003) and gaitYAhya et al., 2011; Amboni et al., 2013) suggests
that executive function (EF) operations are the most prone to interference gantiesn balancing

has been framed in terms of competition for, and allocation of, attentional resources (Redfern et al.
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2001; Woollacott & ShumwagZook, 2002). EF broadly refers to higher cognitive processes
involved in holding and manipulating tasidevant information in working memory (Baddeley,
1996 ; D6Esposito et al ., 1999) , and all ocati
executive attention) (Baddeley, 2007; Norman & Shallice, 1986; Royall et al., 2002). In terms of
specific information-processing operations, EF includes updating (monitoring and altering WM
contents), shifting (switching between task sets) and inhibition of irrelevant information or processes

(Miyake et al., 2000; Miyake & Friedman, 2012).

CMi can pose serious comgeences for the human body. One must process incoming information
and make judgements and decisions, all while operating the machinery of the body. If the ability to
control the body becomes perturbed, then it could be argued that this would presentigksata

body safety than interruptions to cognitive performance. That is, the destabilisation of posture would
present greater risks to body safety than the incorrect comprehension of a sentence while walking
In light of this, it might be expected thawotor tasks (such as posture control) would be prioritised
over any simultaneous nanot o r cognitive operations. Thi s
principle, whereby older populations demonstrate a prioritisation of motor performance, at the
expeng of cognitive task performance (Lacour et al., 2008; Lion et al., 2014). As for other
popul ations, ther e ar e contradictory findi
prioritisation have been demonstrated for healthy young adults (Bergem@&a@@®&emanze, 2011;
Bloem et al., 2006; Jacob et al., 2011). The exact patterns of interferences are seemingly depende

on the complexity of the tasks, and the associated risks to body safety (Fraizer & Mitra, 2008).

Challenges in the measurement and intpretation of CMi

The physiological, biomechanical, and cognitive mechanisms that are susceptible to interference
during motofrcognitive tasks are poorly understood. There exists a number of challenges that hinder
the understanding, or even the detectioh,subtle duatask interferences, both in reabrld
scenarios and in experimental tasks. The first challenge is that it is generally possible to circumvent
performance deficits by means of the reduction of CSC speedaiiya et al., 2011; Haigney et,al.
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2000) to enable diversion of informatiqnocessing cycles or resources to a concurrent cognitive
task. When the CSC exhibits slower speed in the presence of a concurrent cognitive task, it can b
unclear whether the interference source was at thedéweincurrent attentional resource demands

or the EF of switching resources between task sets. A CSC task that does not permit such strateg

speed variation could help isolate the effects of common informptmessing resource demands.

The second chadhge is that everyday CSCs have a degree of performance tolerance that can be
exploited to fit in the demands of a concurrent cognitive task. For example, highway lane width and
walking paths allow a level of trajectory deviation without compromisingysafeiverall task goals
(Nijboer et al., 2016; Springer et al., 2006). It is usually possible to strategically allow for a level of
error to accumulate in order to fit in the demands of a secondary task. It is the subtlglufild
accumulated errors thatay prove consequential for dramatic performance deficits, however these
subtleties are often masked, given the acceptable tolerances in the task set. That is, a compromise
performance accuracy may allow for successful overall performance, howewaectimulation of
nondetrimental sacrifices in accuracy could explain the eventual task failure. A CSC task that
isolates the use of perceptual information to continuously stabilize the coordination (i.e., exposes all
deviations as error) could help locdtee precise loci of interference between processes of CSC

maintenance and the operations of a concurrent cognitive task.

The third challenge in understanding C8aynitive duaittask interference is that most everyday
cognitive tasks involve perceptual, aitional and executive function spbocesses. Interference
between such tasks and CSCs may affect one or more of thegmsabses, and the effects may or
may not be symmetrical. Behavioural measures such as accuracy or response time in cognitive task
and the variability of lane deviation, stride length or body sway, cannot by themselves resolve the
chronometric details of these interactions a
and responseelated informatiorprocessing componés. If the sequence of neurophysiological
events associated with the sptmcesses of a cognitive task are known and observable, investigating
these eventsdé interactions with a CSC stabil

of the streture and timing of CS€ognitive interference.
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The current set of studies

Below | detail the aims, objectives and hypotheses for the current set of studies.

Aims

This thesisaimsto provide a detailed understanding of the informapoocessing mechanisrasd
chronometry of motecognitive inference by observing the temporal dynamics of the CNS during
the processing of cognitive lodmkaring events, in timecked juxtaposition with temporal and
spatial deviation patterns in a CSC task. This method aflomthe identification of key cognitive
components that are involved in the task and how these components interact with CSC. The desig
of the collective set of experiments allowed for the examination of the magnitude and directionality
of interference p&trns that may exists across both tasks, both when the task demands are basic, an

when specific elements of the cognitive task are stressed.

Objectives

The body of work contained in this thesis addresseadllgechallenges by asking participants to
perform a visuomanual pursttitacking task (Chernikoff et al., 1955), and used electrophysiological
techniques to investigate the chronometric
studied cortical dynamics of the visual oddball task. Theifterest in this task combination was

that the timing and reciprocity of influence from either task to the other could be studied at the level
of component processes. It is seldom clarified whether, for example, the attentional component of &
cognitive aask that is disrupted by a concurrent CSC is also the cognitive task component that disrupts
CSC performance. Addressing the challenges outlined above and utilizing the high temporal
resolution of electrophysiological events enabled the present studgtb plessible asymmetries in

interference at the level of task components.

The use of pursuitracking in the presented set of experiments addressed the first two challenges
identified above by enforcing the maintenance of CSC speed, and allowing ngictirajectory

34



35

deviation or variability without accumulating detectable positional errors. The derived pursuit
tracking deviation time series allowed for the examination of instantaneous angular (theta) and radia

(rho) deviations throughout the processiriggddball task stimuli.

To address the issue of cognitive qubcesses, a visual oddball task was used as the concurrent
cognitive task. The oddball task required an action only when the less frequent of two possible stimuli
was detected (Hillyard af., 1973). The template for the target stimulus had to be maintained in WM
and matched to the current perceived stimulus. This involvedldaym facilitation of matching
features and inhibiton of nemat c hi ng ones ( DOEsposi aloespdnseP o s |
(such as clicking a button or pressing a foot pedal) could introduce an additional motor interference,
the participants instead produced a cognitive resjomsetally tallying the number of targets
detected over the current block of trials. §lsoveriresponse variant of the oddball task has an
electrophysiological signature analogous to that of the overt, smegponse version in the stimulus
processing phase (Potts, 2004; Salisbury et al., 2001; Verleger et al., 2016), but it also imvolves a
additional WM component of maintaining the current target count, and an executive function of
updating (Garavan et al., 2000) the tally every time a target is identified. The oddball task is well
suited to studying dudbsk interference at the levelioformationprocessing components because
extensive research has linked its electrophysiological correlates to the time course of its underlying

cortical processes (Polich, 2007).

Hypotheses

In summary, it was hypothesized that performing the trackingcasturrently with the oddball task
would not affect the oddball task at the P1 timescale, but would attenuate P2 and P3b amplitudes
indicating reduced attentional resourcing of oddball task performance. It was also expected-that dual
tasking would atterate parietal alprand ERD, indicating impaired target detection in the oddball
task. Further, it was expected that an increase in frontal/elphbetapower (and lower accuracy)

in the dualtask target condition would be observed, confirming an ovierakase in WM load in

that condition. Also, a reduction in fronparietal alphéband coherence in the duakk condition

was expected, an indication of degraded resourcing in theaikatondition.
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In terms of tracking performance, any disruptiorutisg from the concurrent oddball task would

be detectable as angular (theta) and radial (rho) deviations from the set trajectory. More importantly,
the timing of such deviations would be highly informative in tllmeked juxtaposition with the
electrophg i ol ogi cal i ndicators of the oddball ta:
the P2 timescale would be indicative of a-tijwvn attentional process in a concurrent cognitive task
that disrupts tracking. Deviation in the P3b timescale wniidicate the processes of taskevance
judgement. If error buildip occurs later still, then the executive function of updating (incrementing

the target count) would be the most likely interference source.

The above hypotheses were derived from the @agien that the concurrent tracking task would

impede resourcing of the oddball task. In the reverse direction, if the cognitive task load interfered
with tracking, it was expected that positional errors would develop at the time periods of this
interferance. Also, if the concurrent oddball task negatively impacted resourcing of the tracking task,

weaker ERD over contralateral motor cortex in the -dask condition was expected.

The key interest in this work lies in the symmetry and synchrony of thetedgdaterference. If the
component of the oddball task that had a negative impact on tracking was also the task componer
that was impaired by tracking, then it would be expected that these reciprocal effects would be
synchronous. On the other hand, ify smacking affected the attentional components of the oddball
task, but it was the later executive function component of the oddball task that impaired tracking,
then it was expected to present temporally separated directional effects on electropbgsiologi

components and task performance.
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Dependent measures and thieinctional associations

MEASURE
Oddball Detection accuracy

P1

P2
P3b

Parietal alpha-band desynchronization
(power reduction)

Frontal alpha-beta synchronisation
(power increase)

Fronto-parietal alpha-band magnitude
coherence

Fronto-parietal alpha-band phase
coherence

Theta deviation

Rho deviation

Power over motor cortex

INDICATES
Oddball performance

Early, low-level perceptual processes. Amplitude responds to physical stimulus
properties like brightness and contrast

Template-matching
Response-relevance acknowledge (identification as target)

Change in processing (e.g., stimulus identified as target)

Working memory load

Strength of coupled fronto-parietal network during attention and working
memory tasks

Synchrony in the fronto-parietal network during attention and working memory
tasks

Angular discrepancy between lead and control cursors in circular tracking (-ve
indicates control cursor lagging)

Radial discrepancy between lead and control cursors in circular tracking (-ve
indicates control cursor falling inside the lead cursor's trajectory).

Motor process resourcing indicated by desynchronization, particularly

contralaterally

Table 1.1 Experimental measures and their functional associations. A brief description of e

measure considered throughout the series of experiments presented in the thesis.
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Synopsis of experiments

A

Basic task set (chapter 3)

Detect stimulus

Template matching

Response acknowledgement
and preparation

Update count

1!

Updating operation modulation (chapter 4)

Detect stimulus

Template matching

Response acknowledgement
and preparation

mu

Stimulus similarity modulation (chapter 5)

Detect stimulus

Template matching

Response acknowledgement
and preparation

Update count

D

iy

1!

38

Detect stimulus

Pl

Template matching

P2

Response acknowledgement
and preparation

P3b

Parietal Alpha ERD

Update count

Frontal Alpha/beta ERS

Target count

Rho & Theta deviations

Fronto-parietal Alpha Coherence

Alpha/Beta power over Motor Cortices

Figure 1.1. The experiments and potential patterns of interference. (4) potential interference patterns between

cognitive task elements and pursuit tracking in chapter 3 (basic task set). Black arrows indicate the possible

direction of interference. (B & C) potential interference patterns in chapter 4 (EF load modulation) and chap-

ter 5 (Stimulus similarity modulation). Coloured arrows indicate possible direction of interference for low and

high load conditions. (D) the measures considered across each cognitive task elements. A selection of

measures are considered indicative of the individual cognitive task elements (presented in each box), while

other measures were considered across the timeline of the task (presented below the boxes).
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Chapter summaries

This thesis presents three experiments, and considers interference patterns across cognitive ta:
elements during simultaneous CSC, bdthing basic task demands and during more challenging
variations. Figure 1.1 presents a schematic for each of the three experiments, with indications as t
where (and in which direction) the potential interference patterns may manifest. The methodological
details common to all the experiments are provided in Chapter 2. Details of specific measures anc
hypotheses associated wihch of theexperimentare provided in the introductions of Chapters 3,

4 and 5.

Briefly, the first experiment (Chapter 3) expmarthe fundamental interference patterns across both
tasks when the cognitive task demands are low in terms of the attentional load of identifying the
target stimulus (i.e., target and standard stimuli are easily differentiated) and what to do when the
target is identified (simply to addneto a continuous count). The sensitivity of specific cognitive
task operations to the addition of the CSC task is inferred from electrophysiological measures:
detecting the stimulus (P1), template matching (P2), response acknowledgement (P3b, padetal alph
ERD), and updating the count (frontal alpha ERS). Alongside these measures, tracking deviations
(rho & theta), fronteparietal alpha coherence, and the spectral behaviour of the motor cortices are
monitored throughout each cognitive task element to stated the impact of the cognitive task on

the CSC task.

The second experiment (Chapter 4) explores the impact of increasing the EF load of the task: whel
a target is detected, reduce the target count by @itteg¢low load) orthree(high load), startinggom

a random integer displayed at the beginning of each block. The physical properties of the stimuli
used are identical to those of the first experiment (Chapter 3). The same measures described abo

are used to observe any changes in interferencenmtsra result of the EF load manipulation.

The third experiment (Chapter 5) explores the impact of increasing the attentional load of the oddball
task by modulating the physical similarity of the target and standard stimuli. The response

requirements arglentical to those in the first experiment (amteon the detection of a target). The
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objective is to observe what differences in interference patterns occur as a result of manipulating the

attentional load of the cognitive task.

The final chapter (Chaer 6) summarises the full set of results, discusses implications and considers

limitations and future directions.
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Chapter 2: General Methods

Opening
This chapter will detail the tasks and analyses used to test the aforementioned hypotheses. A thoroug
description of the hardware used and the algorithms developed to process the data will be presente
All of the methods presented will be relevant focleaf the subsequent chapters in this document.
Any additional task manipulations and analyses relevant to each of the subsequent chapters will b
included in said chapters. Any computer code that was developed to present stimuli and perforrr

signal procesing and analysas available on request

The tasks and their components

The tasks described herein were developed using PsychoPy (Peirce, 2009), an experiment desic
software suite that is based on the Python programming language. Many of the P$ynbti&ys

and objects were used in scripts that were developed to present stimuli and record data in all of th
task combinations. These scripts willdeilable on requesthis section will describe the tasks and

how they were developed in detail.

Visual oddball task

To observe the effects of CSC on cognitive processing, a number of variants of a visual oddball task
wereused. A visual oddball task involves the presentation of rare target stimuli (oddballs) amongst
a train of more common netarget (stadard) stimuli. The target arstlandardstimuli differ on some
physical property, usually contrast, shape, or size, and are separated in time. Typically, participant:
are required to respond with a keypress or mouse press when a target is detecteginand tioei
nontarget stimuli. The oddball tasks used here did not require a keypress on the detection of a targe
instead, an alternative nqrysical response was required (to constrain any motor related activity to
the CSC task described below). The rapien required following the detection of a target stimulus
differed across experimennd will be desribed in the relevant chapterBhe ratio of target to
standardstimuli is considered an influencing factor in the magnitude of the dsra@sponse to

detecting target stimuli, where a larggandardo target ratio increases the magnitude of the P3b
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response (Polichiil987;2007) For the current experiments, the probability of a stimulus being a
target was .25. This was concluded to be a sufficiestigiility for allowing the accurate detection

of the ERP components investigated the current experimentfiased onpilot data andthe
prevalence of studies that use such a probability Gogsalvez et al., 199%urdea et aJ 2009)

The number of blocks in the oddball task varied across experiments, with each block presenting
randomized sequences of targets staddardsAt most, 12 targets were presented in a block. Stimuli
were presented for 200 ms with a jittered irggmulusinterval (ISI) set at 2500 +/100 ms.
Introducing a random jitter to the duration of the ISI allowed for the avoidance of unwanted alpha
band phase |l ocking and prevented the partici
the ISI, a fixatim cross was presented in the centre of the display. The physical characteristics of the
target and standard stimuli differed across experiments presented in this thesis and will be describe
in the relevant chapteend below The method by which oddbaldk performance was measured

also differed across the set of experiments and will be subsequently described in the relevant chapter

RESPONSE

 — + : - T - -
: ‘Do nothing’ : ‘update count’ 1
i 2500 ms

Keypress required
Trial epoch =-500: 1500 ms

Figure 2.1. Temporal composition of an experimental trial. A schematic representation of 2 trials
in sequence, detailing stimulus durations and action requirements. A kevboard response is required

at the end of a block. EEG epochs are shown as a dashed box around the first stimulus.

In Chapter 5, the stimulpresented in the oddball task differ to those of the other experiifseets
figure 2.1. Here,gabor patch stimulieplace the simple filled and unfilled green circles used in
chapters 3 and Zhe perceptuahttentional load of the oddball task is increased, whereby the degree

of similarity (spatial frequency) between the standard and targetlstiiffiers across load conditions
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Low load

High load

Standard Target

Figure 2.2. Gabor patches used in Chapter 5. A) stimuli in the low load condition. Left is the st¢
stimulus with a spatial frequency (SF) of 10, while the target (right) has a spatial frequency of
stimuliin the high load condition. The standard stimulus (left) has a SF of 10, while the target |

has a SF of 13.

Motor configuration task

Prior to the pursuit tracking task (described below), a motor configuration task was completed by all
participants in order to establish a suitable tracking velocity for the main pursuit tracking task. The
reason for setting a participaspecific velocitywas to avoid ceiling and flooring effects in the main
task. By configuring a task environmethiat challenged the participant, it was expected that any
duattask interference due to the presence of stimuli from the oddball task would be
magnifiedmeasurablelf the tracking velocity in which a participant gave their best performance in
the configuration task was used in the main pursuit tracking task, then any tracking errors due to the
presentation of oddball stimuli may have been negligible. tideking velocity selected was the

participantdéds third best performance (descri
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Participants were asked to maintain fixation at the centre of the screen whilst using a Wacom Intuos
Pro digitizing tablet and stylus (Saitama, Japan) to pursyarashaded circle with a diameter of 25
pixels (leading dot) which rotated clockwise in a circle (r=130 pixels, 36mm) around a fixation cross.
Participants were sat so that their eyes were approximatel@®BDénm from the fixation cross, so
thatthelead ot 6 s tr ack s ubt en-8.87dThaability tsdividd covarimatiehtien o f
between locations has been tested up to &f%eccentricity from the centre of the screen (e.g.,

Mc Mains & Somers, 2004) . Th the display bsitadlack cirgeongth t i
a diameter of 20 pixels (controlled dot) and
tablet so as to keep the controlled dot as close as possible to the leading dot throughout the duratic
of the trial. ®ven trials (each with a 10 second duration) were presented sequentially in which the
angular velocity of the leading dot increased from 84 degrees per second (dps) in the first trial to 16¢
dps in the last trial (increasing in 12 dps increments). Theesequof trials were then presented in

a reverse order. For each velocity, the final 7 seconds of the trial was used to calculate a percentag
of the number of frames in which the two dots overlapped (shared some caosfinae). The
angular velocitywhich had the third highest percentage was chosen as the velocity to be used in the
main pursuit tracking task. The spatial dimensions of the tablet differed from that of the display, and
so a scaling factor was used within the code to ensure that the ctegdifihe tablet matched those

of the display.

e ~

Controlled dot

o
Leading dot

Figure 2.3. Pursuit Tracking Task. The leading dot moves clockwise on a circular trajectory and
the participant tracks it with a stylus on a pressure-sensitive tablet. The stylus position is

represented on screen as the controlled dot.
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Pursuit Tracking Task

In order to examine the effects of oddball stimuli on pursuit tracking (in thetaslatondition), it

was necessary to test participants on their ability to pursue the leawting the absence of any
additional task loads. This was achieved by presenting 8 blocks (each ~2 minutes in duration) of
simply pursuing the leading dot with an angular velocity chosen by the performance of the previous
configuration task. The physicalqperties of both dots and the trajectory of the leading @éoéew
identical to that of the configuration task. A block began (the lead dot started to move) when the
participant placed the controlled dot on top of the leading dot. After 3 seconds, both ¥X and
coordinates of both dots were recorded in a text file. Participants were instructed to fixate on the
fixation cross at the centre of the screen at all times. Thetbattan this task also recorded triggers
when a target or netarget was presentedlthough neither target n@tandardsvere physically
presented in this task, the triggers served as a means of epoching the tracking data, se that tim

locked tracking deviations could be compared alongside deviations in thaskial

Dual-task

The dual &sk consisted of the performance of both the visual oddball task and the pursuit tracking
task simultaneously. That is, participants were required to maintain positional overlap of both dots
during the presentation of target astdndardstimuli. The blockand trial structurevereidentical to

that of the single visual oddball task. The trajectory of the leading dot rotated at the selected angula
velocity around the fixation cross and at 25 mm beyond the boundary of the oddball stimuli. On each
frame, thecoordinates of both dots, type of stimulus and stimulus onset time was recorded in a text

file.
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en Move .
2 |4 Monitor error
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= Adjust «
Maintain tally [Update]
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Detect Match Categorise

Stimulus '

onset

Figure 2.4. Dual-task arrangement and potential task components. (a) The oddball stimulus is
either an unfilled (standard) or filled (target) circle in the centre of the screen. The black dot circles
the oddball stimulus clockwise. The participant tracks it using a stylus on the pressure-sensitive
tablet. The blue dot displays the stylus position on the screen. (b) Schematic representation of the

relative timing of the potential components of the two tasks.

Procedure

Participants sat comfortably approximately 80cm from a 19 inch (1600 x 900 pixels) LCD monitor
(60 Hz) and were asked to remairpiosition for the duration of the recording session. Participants
received information sheets and were asked to sign consent forms. Once the EEG apparatus had be
set up, and the electrodes applied to the EEG cap, participants completed the motor tionfigura
task described above. Once completed, either the single visual oddball, single trackingtaskdual
was presented one after another (the order of which was counterbalanced across part&gants).
task was preceded by 3 minutes worth of practieést in which participants became familiar with

the task set upn experiments 2 and 3, a number of other conditions were also presented (see relevan

chapter). Following all the tasks, participants were debriefed and were credited with a £20 amazor

gift voucher.

The following section will detail all of the measures considered in each of the three experiments and
how they were derived. More specifically, data acquisition and signal processing parameters will be

46



47

detailed for electrophysiological measuiduding a description of a virtual electrode technique by
which an EEG signal was constructed by considering the maximum valdgaijuéach time point
throughout an epoch across a selection of EEG channels. Said channels were chosen based on lo
maxima observed in the distribution of voltage across the scalp within certain time windows of
interest. Also detailed are the steps taken to analyse the pursuit tracking data in order to observe time

locked perturbations in tracking performance relative ¢oatisets of stimuli in the oddball task.

EEG data acquisition

In order to observe the activity of tlENS during the performance of all task combinations, a 128
channel Biosemi AciveTwo EEG system (Amsterdam, the Netherlands) was used. Electrodes were
placed in the Biosemi ABC configuratiosnd fixed to an elasticap that fitted the participant. A
conductive gel was applied to @lie holes in the cap in order to facilitate the transition of the EEG
signal from the scalp to the electrode surface. EEGwlata collected using 128 Ag/AgCl active

pin electrodes at 2.04 KHz and digitized inrtdtresolution. Electrodes were referenced online using

a commormode sense (CMS) and driveght leg (DRL) feedback loop with an online low pass
filter performed in tle analogualigital converter (8 order sinc response with-a dB point at 1/%

of the sampling rate). Using an active system (online detection and rejection of canuden
signals such as line noise) allows for cleaner EEG data relative to passinessydextrode offsets

(the difference (uv) between each channel and the CMS electrode) were examined after the
electrodes were attached to the cap. If the offset exceeded |20| uv, then more gel was applied.
applying additional gel did not rectify theginlem, electrodes were noted down amgrpolated

during preprocessingDigital markers (triggers) were inserted into the EEG data via a DB25 cable
though a USBparallel port interface (Neurospec AG, Switzerland) that were sent by the computer
running the task using pyserial, a serial port interface for python. These triggers indicated the onset
and type of each of the oddball stimuli presented. EEG data were saved as a Biosemi Data Forme

(BDF) file and copied from the EEG computer for analysis.
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Pursuit Tracking data acquisition

In order to detect spatial deviations during pursuit tracking, instantaneous positional coordinates (X
and Y) were recorded for both controlled and leading dots from a Wacom Intuous Pro digitizing
graphics tablet (Saitama, Japém) each frame during a task. The tablet had a sampling rate of 60
Hz and an active area of 311 x 216 mm. Participants were instructed to use their right hand to holc
the stylus as they would a normal pen and to continuously pursue the leading dotsilibagbo
coordinates for both dots on each frame were saved as a line in a text file. These coordinates wel

then used to calculate a number of measures offline (see below)

Measures and Analyses

This section of the chapter will detail all of thecessing steps for the tracking and EEG data, and
will detail all of the measures used from each of the tasks in todest the hypotheses. Afe

details presented are relevant to all of the chapters in this thesis.

EEG signal processing

ContinuousEEG data were imported and processedIATLAB (Mathworks, US) using functions

from EEGLAB (Delorme & Makeig, 2004), an open source EEG/ERP analysis toolbox. A number
of scripts were developed to import, process, analyse, and plot data. Raw EEG wawafogms
downsampled to 256 Hz and a linear finite impulse response (FIR) filter was applied to attenuate
frequencies below 1 Hz and above 50 Hz. Line noise (50 Hz) was estimated and fednaach
channel using CleanLine (Mullen, 2012), an EEGLAB datzgssing plugin. The DC component

of each channel was removed by calculating the mean and removing it from each sample point. Nois}
channels were identified for each participant by visual inspection for unwanted high frequencies and
extreme values. Any chaals with kurtosis over 5 standard deviations from the mean kurtosis of all
channels were also removed. Spherical interpolation was applied to any noisy channels following the
decomposition of the data by Independent Components Analysis (E&N)& Sejnowski, 1995)

this will be described below. If more thahreeneighbouring channels were considered to be noisy

across the duration of a recording, then interpolation was not applied.
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EEG epochs were generated by extracting 500 ms worth of sample points that preceded each eve
(oddball stimulus onset) and 1500 ms worth of sample points following each event. Epochs were
then inspected and removed if they contained residual low frequency drift or intermittent high
frequency segments that were considered to be caused by biomechatbahisms (e.gjaw
movements and ocular artefacts). All channels werefegenced to an average reference (an average

of all values at each time point) and a single channel (D32) was then removed. Removing a single
channel following the reeferencingorocedures corrects for the data rank issue (reduces rank to n

1) that is produced from using an average reference. If a channel is not removed, it is possible tha

the ICA algorithm can produce artefactual and/or duplicate components.

Following the step described above, ICA was applied to epochs in each dataset. ICA involves the
linear demixing of observed data so as to describe the contributing components of a signal. ICA
attempts to model maximally temporally independent components of a sighatinmabserve its
constituent parts. The output of an ICA algorithm is a set of components, each with its own time
series, that when summateerfectly produces the observed signal. It is possible, therefore, to model
the components of a signal, identifyesific components of interest (e.g.source of noise), remove

their contribution to the signal, an@ddkproject the activity of althe remaining components. This
results in the original signal, with the noisengponengd contribution removed. Given @h EEG is

mostly the product of the linear summation of signals from within the cortex, ICA is a powerful
method of isolating and removing artefacts such as eye and jaw movements. Component propertie
such as spectra, topography and trial by trial compotiere series, were examined in order to
identify the source of ocular and muscle artefacts. Ocular artefacts such as blinks were identified by
low-frequency, nottime-locked fluctuations in the EEG trials with strong power at the front of the
scalp. In eme cases, ocular activity was tiheeked to the stimuli, presumably presenting a startle
response to the onset of the stimulus. If a component presented this, but with concentrated activity &
the front of the head, it was considered artefactual andvesmduscle components were identified

by high frequency activity with activity close to the jaw. Any components that were identified as

such, were modelled out of the observed signal.
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EEG measures
A number of measures derived from the EEG time seraxsused to examine the effects of dual

tasking on the nervous system. These measures will be described herein.

EventRelated Potentials (ERPS)

A description of each of the ERPs evaluated in this thesis is included in the introduction chapter. All
epochs werdaseline corrected by calculating the mean of each channel before stimulust@set (

ms to 0 ms) and removing this value from all of the samples in the epoch. This process zero
normalises each signal and removes the average efaskrelated activitybaseline) from the

signal, resulting in a waveform with an average of the noisetasdrelated activity) removed.

Generation of Cluster Signals for ERP Extraction

In order to derive a single time series from a cluster of electrodes (and thus nitsapaek), a
virtual electrode approach was used (Baiteal., 2018; Foxe &impson, 2002; Rousselet al.,
2010). This involves computing a o6virtual 6 s
electrodes in a cluster at each time point. This approach is sensitive to individual differences in the

location of the maximum response to stintiola (Rousselet et gl2010.

To identify clusters of electrodes in which to extract ERP values, a series of animations was createc
in order to plot scalp topography as a function of time. Grand average (all participants) topography
was plotted every 5nfsom stimulus onset (time 0) to 1000 ms psinulus onset. Once stitched
together, the animation displayed clusters of electrodes that were maximally active in the time
windows 80120 ms, 18220 ms, and 38@20 ms post stimulusnset. The electrode chesswhich
displayed the maximum value within each of these time windows were used for the extraction of
ERP component measuré&dectrode labels are given in Biosemi coordindtes figure 2.5)and
corresponding 18 labels are provided where possilibmétenveld & Praamstra, 2000he cluster

of electrodes used for the quantification of P1 magnitude wg®88) B3, B9(P0O10) A26 (12),

A27 and A28(02) electrodesFor P2 magnitude, C2AFF3H), C20(AFz), C13 (AFF4H), C25
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(F1), C21(Fz) and C12(F2) electrodes were used. Finally, P3 magnitude was quantified using

electrodes ARP1), A19(0z), A32(P2), A18 (PPO3H),A20 and A31(PPO4H)
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! Target Stimuli

Cluster signals
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participant 1 Trial 1 t1 t2 t3 4 t5 t6 t7 t8 9 t10 t11 t12
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Figure 2.5. Process for deriving cluster signals and Biosemi coordinate system. (A) The
average scalgopography at a given latency (here 400 ms) is visual inspected for the clus
electrode positions with maximal response. (B) The assignment of virtual electrode re
magnitude at each of several t i methepcal irial.tTle
maximal response in the electrode cluster (highlighted in yellow) is assigned to the virtual ele

at each time point. (C) Biosemi coordinate labelling system.

52



53

Eventrelated SpectraPerturbations and Cros€hannel Coherence

In order to examine the effects of oddball stimuli on the ongoing frequencies present in the EEG,
eventrelatedspectral perturbations (ERSP) weemputed for each trial type using the newtimef
function in EEGlal{Delorme & Makeig, 2004). ERSPs allow for the analysis of ioe&ed power
(magnitude) and phase changes in frequency space as a function of trial type. Modulations in ongoin
frequencies were measured using moving window, zero padddebtastr transfoms (FFTs) with
hanning window tapering. FFTs involve convolving the observed signal with an artificial sine wave
at a number of frequencies. The sine wave is defined with a given length and moved across the EE(
time series. Within each window, the dot gwiot between a pair of vectors of the same length
(observed EEG and artificial sine wave) is calculated by peisg multiplication of values at each

time point. By summing these values, it is possible to identify the frequency at which the EEG signal
is oscillating. By sliding a window across the EEG time series and computing an FFT within each

window, it is possible to observe the dynamics of EEG spectral power over time.

For each participant, a time x frequency matrix was produced containing log mRyerafues of
100 frequencies (between 3 and 45 Hz) across time windows spabbinigp 1500 ms post stimulus
onset for each EEG epoch. Average log power in th@ Az range for each trial type was taken as
alphaband powepver parietal cortexandalpha/lowbetaband power as the average acros43
Hz over frontal cortexA bandwidth spanning both alpha and {beta activations was considered
as previous studieg®.g. Onton & Makeig, 200Deiberet al., 200y haveexaminedfrontal WM
mechanismsn the context of overlapping alpha and beta bandwidbser values at each time
window across all epochs were averaged to produce lmgpower as a function of time. All power

values computed were relativette relevanpower in the baseline period.

Power at each frequency is returned as a log value. That is, absolute power igdigpitogmalised

so as to scale power values to each frequency. In many biological systems, power is inversely
proportional to frequency, in that lower frequencies hagkdr power. This is known as pink noise,

or 1/f noiseThis phenomenon causes the visualisation of power across multiple frequencies difficult

to do simultaneously. Also, absolute power is not normally distributed, and so parametric statistics
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are limited Decibel normalisatioprovides aneans of powelaw scalingand attempts to correct for
said noise.  Therefore, relativized power measures are given as;

power(dB)=10*logo(signal/baseline)
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Figure 2.6. Steps in the time-frequency analysis. Time-frequency decomposition of EEG time series

data. See text for details.

Crosschannel coherence was measured in order to observe the instantaneous coupling of th
amplitude and phase of alpha oscillations between frontal and parietal regions of the cortex. The
newcrossf function (EEGLAB) was used to generate coherence métricggha power and phase
between C21 and A19 electrode sites during a number of time windows throughout EEG epochs.
Coefficients between said electrodes within the alpha frequency range were averaged across all tria
for each time window in order to quiEfy the dynamic spectral relationship between frontal and

parietal regions during each of the task conditions.

Spectral decomposition of motor cortex activation

In order to examine the effects of oddball task stimuli on the continuous rhythmic activity

motor system (involved with performance of the pursuit tracking task), the spectopo function
(EEGLAB) was used to derive alpha and beta power spectral density (PSD) at both left (D19) and
right (B22) electrode sites during the pursuit tracking tas#,target and nerarget trials in the dual

task and single task (oddball only). The spectopo function involved the application of a discrete time
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Fourier transform (DTFT) across the length of each EEG epoch, in order to observe any increases c
decreasgin alpha/beta power as a function of trial type. In the case that power changes occurred a
smaller time scales, DTFTs were also computed for 6 time winde2@Q(0206400, 400600, 600

800, 8001000, and 1000200 ms post stimulus onset) in each EEGcépfor all trial types. The
Spectopo function produced a single vecpmwer spectral density feach frequency ranging from

3-45 Hz) for each trial for both D19 and B22 electrodes. Mean alph3 (z) and beta (330 Hz)

was calculated for each triype for each electrode by averaging across all trials in the same
condition.Power spectral density providesedativized value, proportional to the frequency of the

obtainedabsolutepower value. It is given as; ps.0*logio(LV?3))/Hz).

Pursuit Tracking signal processing and measures

To observe the effects of oddball task stimuli on pursuit tracking performance, instantaneous tracking
deviation (positional discrepancy between leading dot and controlled dot at each time point) was
calculated for each tiligype (pursuit tracking, dudhsk target and nerarget trials). The experiment
produced a text file with the coordinates (X and Y) of both the leading and controlled dot on each
frame (60 samples per second). Also included in the text file was antiodiaa to the onset of each
oddball stimulus so as to enable epoching of the tracking data around the oddball stimuli. Pursuit
tracking deviations were quantified in two different ways; in polar and in cartesian space. For
analyses in polar space, the mionate at each time point (i) was converted to polar coordinates so
as to obtain angle (theta) and radius (rho) values. For theta, thgquadirant inverse tangent of
coordinates Y(i) and X(i) was derived using the MATLAB atan2 function. For rho, tferesqoot

of coordinates X(A + Y(i)? with the origin of the circle as X=0,Y=0 was used. To calculate the
instantaneous difference (deviation) between the lead and controlled dots theta values, the controlle
dots theta value was subtracted from the lead dots theta value. For the rhoddifféreriead dots

rho value was subtracted from the controlled dots rho value. Deviation samples were epoched aroun

the oddball stimulus onse2Q0 to 2500 ms).

Following the generation gho andthetatracking deviation vectors for each trial, epoalesezero

normalizedby removing thesalueobserved at the timing of the P3b peak in the relevant condition,
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from all samples in the epochhis presented deviation pattemefative to tracking performance at

the timing of P3b. It was agreed said normiatizorocedure was to be used, as findings discussed in
the first experimental chapter (chapter 3) demonstrated significant deviation patterns post P3b, an
that zero normalizing to values at the timing of P3b, would highlight said pafiéxesenormalized

epochs were then smoothed using a moving average (8 samples). The resulting vectors were averag
across trials of the same type for each participant to progadtizipantlevel averaged tracking
deviation vectors (for bothho andthetg. Deviation quantities (for both rho and thetajas then
calculated for each condition by extracting adueat 5separate timefollowing the timing of the

P3b peak(300, 600, 900, 1200 and 1500 delay peniodsalysing tracking performance in polar
space was the pnary method of demonstrating interference of the oddball tagkS@Pand this is

presented in the main body of the experiment chapters.

Tracking performance was alsmalyse in cartesian spacéhat is,deviations were calculated on
each frame using quadraspecific and dimensiespecific arithmetic, so that deviation was
negatively signed when the controlled dot was trailing behind the leading dot, and positively signed
when the controlled dot was inoht of the leading dot. For example, for the horizontal (X) axis,
deviation(X)=controlled(XJead(X) in quadrants | and 1V, but deviation(X)=leadntrolled(X)

in quadrants Il and Il1).
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X_deviation(i) =lead(X)(i) - controlled(X)(i)
Y deviation(i) =controlled(Y)(1) - lead(Y)(1)

Figure 2.7. Cartesian analysis of tracking deviations. An example of how horizontal (X) and
vertical (Y) deviation values are derived from cartesian coordinates where both leading and

controlled dots are situated in quadrant 3 of the circle. See text for details.

Tracking deviation values were epoched around the onset ofithzall stimuli €150 to 1500 ms
post stimulus onset). In the case of the pursuit tracking task (single task), samples were epoche
around the onset of oddball stimuli, even though no physical stimuli were presented. This provided

a control condition in ater to compare deviation during the presentation of oddball stimuli.

Following the generation of X and Y tracking deviation vectors for each trial, epochs were baseline
corrected by removing the mean of ystenulus values-50 to 0 ms) from all samples ihe epoch.
Baseline corrected epochs were then smoothed using a moving average (8 samples). The resultir
vectors were averaged across trials of the same type for each participant to produce averaged trackit
deviation vectors (for both X and Y). Maximutkeviation (X and Y) was then calculated for each
condition by extracting the timing (and value) of the maximum value within 6 separate time windows

(0-200, 206400,406600,606800,8001000 and 100Q200 ms post stimulus onset).

In order to visualise spaiideviations due to the onset of target andtaoget stimuli, both X and
Y deviation values were added or subtracted (depending on the sign of deviation) to the absolute X

and Y coordinates of the leading dot. This allowed for the plotting of instamtadeviations relative
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to the position of the leading dot, resulting in a spatiabyXr) plot of tracking deviation in each

condition.
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Chapter 3: Experiment 1: Asymmetric interference between
cognitive task components and concurrent sensorimotor

coordination

Introduction

The objective in this thesis is to investigate matognitive interference using an experimental
paradigm in which the neurophysiol ogical re.
could betracked alongside the instantaneous error levels in the concurrent motor task Hgure

The functional elements of the chosen oddball detection task are (1) stimulus detection, (2)-template
matching, (3) response relevance judgment, and (4) updatntatbet tally. The resourcing of
elements (1) (3) could be estimated using the ERP components P1, P2 and P3, respectively. The
performance of element (4pnbe measured atallying accuracy. Timdérequency analysis of the
EEG si gnal Glpha/law Ipetadandsardprovide additional resourcing information:
attentional resourcing of elemefd) in the level of parietal alphanddesynchronizatioriSutoh,

2000) the working memory load associated with elen§din frontal alphdow-beta powefManza

et al., 2014) and the strength of the froRparietal network underpinning the task san be
estimated in the alpHaand coherence between parietal and frontal 8ite®n et al, 2015) The
experimental paradigm also eliminates strategic adjustofaitial task loading by slowing down
motor task performance or making uldoesthidbyt he
requiring a constant speed and makinty spatict e mp or a l deviation visi
performance analysis.h€ purpose of the first experiment reported in this chaptar test the
proposed paradi gmos abi | i-tagk interactiores xopfares explotting e
manipulations of the loading of eleme(®s and(4) in subsequent chapters. The oddtasgk in this
experiment emplaya simple visual difference between the standard (an unfilled circle) and target
(filled circle) stimuli, and the motetracking task requieparticipants to maintain a constant speed

set at their respective comfort level.
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Detect stumulus Template matching | | Response acknowledgement Update count

and preparation

Figure 3.1. The functional elements of the oddball task. The demands of the pursuit tracking task

are continuously concurrent.

It washypothessed that performing the tracking task concurrently with the oddball task would not
affect the oddball task at the P1 timescale, but would attenuate P2 and P3 amplitudes, indicatin
reduced attentional resourcing of oddball task perfoomdris is based on evidence that P1 is not
sensitive toglobal attentional demand€apizzi et al., 2013; Gherri & Eimer, 201@hough P3b
(Matthews et al., 2005; Pratt et al., 2011; Ross et al., 2td8pbeen shown to be sensitive to dual

task interfeence. There is inconclusive evidence as to whether pursuit tracking would attenuate P2
amplitude, thoughP2 has been shown to be sensitive to atterfkidtyard et al., 1973)As such, if

pursuit tracking was to modulate resourcing to cognitive opegatiesociated with P2, then it was

expected that an attenuation would be observed.

It wasalso expected that dutelsking would attenuate parietal algiend ERD, indicating impaired
target detection in the oddball tagkutoh, 200Q)Further, an increase frontal alpha power (and
lower accuracy) in the duddsk target conditiomvas expectedconfirming an overall increase in
WM load in that conditior{Manza et al., 2014)Also, it was expectedhat aredudion in fronto-
parietal alphéand coherence in the ditakk conditionwould occur,indicaive of degraded

resourcing in the dudahsk condition(Kwon et al., 2015).

The above hypotheses were derived from the expectation that the concurrent tracking task woulc
impede resourcing of the oddball task. In the reverse direction, if the cognitive task load interfered
with tracking, it was expectedthat positional errorswould develop at the time periods of this
interference. Also, if the concurrent oddball task negétiimpacted resourcing of the tracking task,

it wasexpectedhatweaker ERD over contralateral motor cortex in the sk conditiorwould be

observed

60



61

The key interest in this work lies in the symmetry and synchrony of the expected interferdree. If t
component of the oddball task that had a negative impact on tracking was also the task componer
that was impaired by tracking, reciprocal effegese expectetb be synchronous. On the other hand,

if, say, tracking affected the attentional componehtie oddball task, but it was the later executive
function component of the oddball task that impaired tracking,tdraporallyseparated directional

effects on electrophysiological components and task performmeeresexpected

61



62

Methods

The methodologal details general to all the reported experiments are provided in Chapter 2.
Information specific to this experiment is provided in this secti@th experiment presented in this

thesis included different groups of participants (i.e. there was napvarthe cohorts tested)

Participants

The participants were 24 setportedly righthanded adults (13 females; mean age = 25.6 years,
SD=6.13, range 182), with normal or corrected to hormal vision, no current prescribed medication,
and no history ofsensorimotor or cognitive deficits. They were recruited through a research
participation scheme for students and given research credits in return for their participation. The
participants gave informed consent before the session and were fully debrigfedceatl. Ethical
approval for the research reported in this paper was granted by the Nottingham Trent University

College of Business, Law and Social Sciences Research Ethics Committee.

Tasks

Participants first completed the motor configuration taskessribed in Chapter 2. This allowed the
selection of a comfortable tracking speed. Participants then carried out the visual oddball task,

visuomanual tracking task, and the dual task, in counterbalanced order.
Oddball Taskvariant

The participants fixatkat the centre of the screen while a sequence of shaded (targetisbiaded
(standard) circles (r = 100 pixels) were presented, centred on the fixation cross. These stimuli were
presented for 200 ms, withjitered ISI of 2500+/- 100ms. The ratio ofarget to standard stimuli

was 1:4, and there were at most 12 targets presented in each block (the number of trials per bloc
varied between 40 and 60). The participant s
presented in a block and repitrtia the keyboard once the block had finished. There were 8 blocks
of trials in total and the number of blocks in which the number of targets were counted correctly was

recorded, as were the participant sskwdSEGrdddat a
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as either a 1 (accurately reported the number of targets in the block), or O (did not report the correc

number of targets in the block), for each of the 8 blocks.

Dual task

The participantsalso performed the visual oddball task whilsbncurrently performing the
visuomanual tracking taskachof the 8blocks of trials started with the leading and controlled dots

in an overlapping position. As the leading dot started moving, and the oddball task got under way,
the part i ci @namtaistbe posaicndd overlapsbetween the dots while performing the
oddball task. The coordinates of the controlled and leading dots, the target count and the EEG dat
were recorded. As in the singlask conditions, the instruction throughout was @intain eye

fixation on the cross at the centre of the screen.
Signal Processing and Data Handling

A detailed descriptionand explanation of allthe signal processing procedures for the
electrophysiological and pursditacking deviation measures has bpessented in Chapter 2. This

section provides a brief description of the procedures used specifically in this experiment.
Oddball Detection Accuracy

Performance on the oddball task was the proportion of blocks in an experimental condition for which

theparticipants reported the correct number of target stimuli presented.
EEG signal processing and measure extraction

EEG waveforms were dowsampled to 256 Hz and an FIR filter was applied to attenuate frequencies
below 1 Hz and above 50 Hz. Mains interferen(50 Hz) was estimated for each channel and
removed using Cleanline (Mullen, 2012). The DC component of the signals were removed by
calculating the mean and removing it from each sample period. Noisy channels were identified by
visual inspection for highlirequencies and extreme values. Any channels with kurtosis over 5
standard deviations from the mean kurtosis of all channels were removed. Spherical interpolation

was applied to noisy channels following the decomposition of the data by ICA. Epochs were
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generated using 500 ms of samples preceding each oddball stimulus, to 1500 ms following the onset
Epochs were then inspected and removed if they contained residual low frequency drift or
intermittent high frequencies that were considered to be biomechamitedi origin. Data were

then averageeferenced and subjected to ICA. Once decomposed, ICA components were inspected
and removed if considered to be eye or muscle related. Finally, the residual components were back

projected on to the scalp.

Generaton of ERP measures

Once the signalvasgenerated for a given cluster for each trial type and task type, difference waves
were computed (target stimulus minus #arget stimulus). This resulted in a waveform that
represents the difference in target and-target stimulus processing (i.e. the residual waveform

displaying targetspecific processing).

Target Stimuli
Cluster signals
Task A > WWW
“\ Difference wave
Oms =
VNN
400 ms

Non-target Stimuli

Figure 3.2. Generation of cluster signal difference waves. Cluster signals were generated from the
maximum value at each sample period over a cluster of electrodes (see Figure 2.4). Non-target
cluster signal activity was subtracted from the target cluster signal, resulting in target-minus-

standard difference waves.
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Once clustetevel difference waves were produced, P1, P2, and P3b component arspliarde
extracted from the relevant resulting waveforftse cluster of electrodes used for the quantification
of P1lparametersvas B7, B8, B9, A26, A27 and A28 electrodes. Far@®26, C20, C13, C25, C21
and C12 electrodes were used. Finallyh ®as quantified using electrodes A5, A19, A32, A18, A20

and A31.

Eventrelated Spectral Perturbations and Frorparietal Coherence

For frontal and parietal alpha ERSP measures, the EEGlab nevdinetibn was used, in which
time-frequency time series were generated using moving window, zero paddeBotmsr
transbrms (FFTs) with hanning window tapering. Frontal ERSPs were extracted from electrode C21
(Fz), and parietal ERSPS from A19 (Pz). Once generated for each participant, alpha d@nez) 7

was extracted for 20 separate time bins following stimulus onsedafth condition. For fronto
parietal coherence measures, the newcrossf function was used to generate coherence matrices
alpha power and phase between C21 and A19 electrode sites during a number of time window:
throughout EEG epochs. Coefficients beatwehese electrodes within the alpha frequency range
were averaged across all trials for each time window in order to quantify the dynamic spectral

relationship between frontal and parietal regions during each of the task conditions.
Pursuit Tracking Devition processing and analysis

In order to quantify deviation patterns in the pursuit tracking task, X and Y coordinates of both the
leading dot and the controlled dot were recorded and tracking deviation time series were analysed il
two ways, in Cartesiama polar coordinates. Chapter 2 provides a detailed description of how these

time series were derived. Once the time series were produced, they were epoched around eac

presentation of the oddball stimulus.

Spectral decomposition of motor cortex activatio

\
4

The spectopo function (EEGLAB) was used to derive alpha and beta power spectral density (PSD
at both left (D19) and right (B22) electrode sites during the ptirswiking task, and target and ron
target trials in the dual and sindteddball only)task In case power changes occurred at smaller time

scales, DTFTs were also computed for 6 time window20@ 200400, 406600, 606800, 800
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1000, and 100200 ms post stimulus onset) in each EEG epoch for all trial typesspEetopo
function produced arggle vector (power spectral density for each frequency ranging fréntgz)
for each trial for both D19 and B22 electrodes. Mean alpHB(lAz) and beta (X830 Hz) power
was calculated for each trial type for each electrode by averaging across alintribk same

condition.

Statistical Analysis

Statistical analysis for all measumeere based on tests from theneral liner model framewark
Below | detail which tests were used for each measure in order to examine the effects of dual

tasking on singt-task performance.

Oddball target detection accurach order to test the effects of duakking on the oddball task on
a behavioural level, a pairshmples-test was used in order to compare target detection
performance between single and dizakconditions If target detection performance was to
decline in the dualask condition, then oddball task performance was interfered by the

simultaneous pursuitacking task.

ERP componentBl, P2, and P3b ERP componamplitudesvere canpared between gife and
duattask conditions using pairexshmples-tests.If P1 amplitude was to be decrease in the-dual
task condition, then pursuit tracking would be shown to impedddo®l stimulus processing. If
P2 was to decrease, then pursuit tracking would berstho reduce attention allocation to the
process of template matching. Finally, if P3b was to decrease undeaskiabnditions, then a

reduction in attention allocation to response preparation processes would be inferred.

ERSP and frontgarietal coheence:So as to test the effects of duasking on parietal alpha power,
frontal alpha/lowbeta power, and the coordination of the freptmietal network, a repeated
measures ANOVA with condition (single task, dtegk), stimulus (standard, target) aimakt bin (0

to 1000 ms in 20 time bins) were considered as main factors. For parietal alpha, if the power that is
typically reduced during target processing (alpha ERD) was attenuated, theasttirad would be

shown to interfere with the processing of tigdarepresentations in WMnd the preparing of a
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suitable responseAs for frontal alpha/lowbeta, if power was to be increased in the dask
conditionspecifically after 500 ms following target onset, then the presence of pursuit trackilty

be shavn toincrease the attentional demands associated with updating the target count. Finally, for
fronto-parietal coherence, if dutdsking was shown to reduce alpha coherence magnitude or phase,
then the fronteparietal network set up to maintain the perfance of the oddball task would be

shown to bénindered.

Pursuittracking Pursuit tracking measurasereported in both cartesian and polar coordinates. For
both, a repeated measures ANOVA with task (single, dual, roolg) and time bin@ to 1200 ms

in 200 ms time binsyvas used in order to compare vertical and horizonal tracking deviations
(cartesian) and rho and theta tracking deviations (polar) in single taskadkiabnd moteonly
conditions. For the cartesian analysis, a negative verticahtil@viat a certain time would indicate

that an individual presented spatial deviations on the vertical axis (above or below the leading dot),
whereas deviations on the horizontal axis would reveal spatial deviations to the left or to the right of
the leadng dot. The timing of these deviations would reveal which, if any, the effects of a specific
concurrent cognitive operation involved in the oddball task. Deviations in polar space were also
analysed in the same way, however the measures rho and thetéoaltbes analysis of radial and
angular deviations at specific tinp@ints throughout the processing of oddball task stimuli. If theta
was to assume a negative value at a certain time point, then the controlledldbeconsidered to

be lagging behindthe leading dot, whereas a negatikie value would indicate that the controlled

dot was positioned inside the trajectory set by the controlledfdeadlues were to be positive in
theta, then the controlled dot would be positioned further ahead thhratlieg dot, and a positive

rho value would indicate that the controlled dai bBatended beyond the boundary set by the leading
dot. Again, the timing of such deviations would be informative as to the contributing cognitive

operation in the decline in motor performance.

Modulations in motor cortex activityt was expected that performing a motor task would reduce
alpha and beta powewer the left motor cortex (indicative of the involvement of the primary motor

cortex in the coordination of positioning the controlled dot). A repeated measures ANOVA with
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hemisphere (left, right) and task (motmnly, single task standard and target,|daak standard and
target) as factors was used with alpha and beta power as the dependent measure (performe
separately for each). If either alpha or beta ERD was to be reduced in thasttuzdndition relative

to the motoronly condition, then it woulbe demonstrated that the processes involved in the oddball

task interfere with activations of the motor cortex

Results

Oddball target detection accuracy

A pairedsamples test using an empirical logistic transformation (c=0.001) was conducted to
compardarget detection accuracy (%) in both single and-tasi{ conditions. Accuracy was greater
in the single M=72.17,SD=16.65) than duatiask condition M=48.21,SD=20.39);t(23)= 2.81,

p<.001. MEM2 (backtransformed) = 0.78, CI [0.58 0.91].
ERP componens

The effects of dualasking on the amplitude of P1, P2 and P3b difference waves were analysed using

paired samplétests

PL1 For P1,the dfference wave amplitude did not differ between single and dual task conditions
(t(23) = 1.36p=.19). As standarénd target stimuli (unfilled and filled circles, respectively) differed

in bottomup stimulus characteristics such as brightness and contrast, a stimulus effect on P1 was
expected regardless of task conditiohiis difference was significaninder both imgle-task ¢(23)

= 7.58,p<.001) and duatask (23) = 4.43p<.001) conditions
P2: For P2, thalifference wave amplitudes were smaller during dual tagki2g) = 4.02p<.001)

P3b: For P3b the difference wave amplitudes were also smaller during thsking(t(23) = 4.03,

p<.001)
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Figure 3.3. Event-Related Potentials. a-c: ERP difference waves derived from (a) right occipital, (b) fronto-central, (c)
parietal electrode clusters, showing, respectively, P1, P2 and P3b waveform differences (target—standard) in single and
dual task conditions. Areas shaded in blue show statistically significant differences. No significant differences between
single and dual-tasks were found for PI (a). Both P2 and P3b show statistically significant differences between single
and dual-task difference waves (b, ¢). Scalp topographies are of difference waves at 120, 200, and 400 ms post stimulus-
onset. (d) Epoched fracking in the horizontal (fop) and vertical (bottom) axes. The dotted vertical line at ~400ms
indicates mean P3b peak latency. Both vertical and horizontal tracking deviation increased for dual-task target trials in

the 600-800 ms and 800-1000 ms periods.
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Figure 3.4. Component Amplitude Differences. (a) Mean P1, P2 and P3b ERP component
amplitude differences (target-standard) for both single and dual task conditions. Both P2 and P3b
difference wave amplitudes were significantly attenuated in the dual-task condition. Error bars

show standard errors.

Relationship between P2 and P3b amplitude and tracking speed

As participants differed in their preferred tracking speed (speed ranged from 96 to 144 dps),
correlations betwee2 and P3b componeatnplitudes anttacking speewvere performed, in order
to investigate whether component amplitude was related to tracking. Speidter P21=.06,p=.77)

nor P3b amplituder€-.07,p=.77) was significantly correlated with tracking speed.

Event-related Spectral Perturbations and fronto-parietal Coherence

Experimental effects on parietal and frontal alplaad power, and fronparietal alphéand
amplitude and phase coherence were analysed using a 2 (Task: single, dual) x 2 (Stimulus: standar
target) x 20 (time) reged measures ANOVA. Time bins were of 50 ms duration and spanned 0
1000 ms post stimulus onset. Frontal alfgve-betaband power was analysed over the-4800 ms

time period (as previously discussed).
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Figure 3.5. Grand average time-frequency representation and fronto-parietal coherence. Left
panels: spectral power changes (dB) as a function of time for standard (top) and target (bottom)
trials at C21 (frontal) and A19 (parietal) electrodes; Right panels: event-related spectral coherence
(ERSCoh) between C21 and A19 for standard (top) and target (bottom) trials. Parietal alpha
desynchronization is shown for single-task target trials relative to dual-task target trials in the
bottom two cells of the left panel. Frontal alpha synchronization for dual-task target trials relative
to single-task can also be seen in the bottom left panel. Fronto-parietal alpha magnitude and phase
coherence (rvight panel) can be seen to decrease during dual-task standard and dual-task target

trials relative to single-task trials.

Parietal alphaband power

On parietal alphdvandpower, there were significant main effects of tasil( 23) = 4.75p<.05,
he?=.031), stimulusK(1, 23) = 70.13p<.01, hc’= .021), and timeR(19, 437) = 20.62<.001,hc*=
.132), and significant task x stimulus({, 23) = 6.04p<.05, Ac’= .010), &isk x time F(19, 437) =
3.48,p<.001,/4c%= .013), stimulus x timeR(19, 437) = 12.51p<.001,Ac?>= .038), and task x stimulus

x time (19, 437) = 5.97p<.001, Aic= .011) interactions. As shown in Fig3.5 and 3.6, the
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desynchronization in the 4850 ms period that was observed for target stimuli in the single task

was attenuated in the dual task. There was no corresponding pattern in the case of standard stimul

] Standard 250 9 Target
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Figure 3.6. Parietal Alpha Power over Time. Mean parietal alpha power for standard and target
trials in single and dual task conditions. (* Bonferroni-corrected significant difference). Parietal
alpha power decreases for single-task target trials (alpha desynchronization) in the 500-700ms

period relative to dual-task targets. Error bars show standard ervors.

Frontal alphaband power

On frontal alphaband power, there were significant stimukusme (9, 207) = 2.28p<.05, hc’=
.006), and task x stimulus x timg(Q, 207) = 3.17p<.001, hs’>= .005) interactions. Frontal alpha

band power was greater in the dual than single task for target stimuli, particularly in the0653

period (Figs3.5, 3.7). There was no corresponding difference for the standard stimuli.
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Figure 3.7. Frontal Alpha Power over Time. Mean frontal alpha power (dB) for both standard and
target trials in single and dual task conditions at 10 time points from 550 to 1000 ms. Frontal alpha
power increases for dual-task target trials (alpha synchronization) in the 650-750 ms period

relative to single-task targets. Evror bars show standard error.

Fronto-parietal alphaband coherence

On amplitude coherence, there were significant main effects offésk2@) = 31.99p<.001, ic*=

.014) and timeR(19, 437) = 6.25p<.001, #c>= .011), and significant interactions between task and
time (F(19, 437) = 2.72p<.001, 4s°>= .037) and stimulus type and tinf&({9, 437) = 2.17p<.001,
hc?=.003). The time profile of amplitude coherence was similar in single and dual task peitiod

of attenuation centred around 500 ms post stironset, but overall, coherence amplitude was
lower during dual tasking (Fig8.5, 3.83. In the case of phase coherence, there were main effects
of task €(1, 23) = 13.29p<.001, Ac*= .004),stimulus E(1, 23) = 59.11p<.001, 4s’>= .016) and
time (F(19, 437) = 10.01p<.001,#c%= .017), and significant task x timg((L9, 437) = 1.79<.001,
he?=.015) and task x stimulus x timg((9, 437) = 2.5p<.001, 4c’>= .001) interactions. The three

way interaction was due to the spike in phase coherence that occurred for target stimuli in the single

task, buthatwas not matched during dui@sking (Figs3.5, 3.89.
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Figure 3.8. Fronto-Parietal Alpha Magnitude and Phase Coherence. Mean fronto-parietal
magnitude (a) and phase (b) coherence for target stimuli in both single and dual task conditions at
20 time points from 50 to 1000 ms (* Bonferroni-corrected significant difference). Fronto-parietal
alpha magnitude and phase coherence are attenuated during dual-task target trials relative to

single-task target trials. Error bars show standard errors.

Visuomanual Tracking Deviation
Cartesian Analyses

Initially, analyses were performeid Cartesian coordinates (see Baker et al.,, 20I8)cking
deviationduring the single and dual task conditions is shown on the timeline iB.Bjglt can be

seen that, in the duddsk trials that presented the tdrgémulus, the controlled dot developed a lead
(positive deflectionpver the lead dot in both the horizontal and vertical directions during the 600
800 and 801000 ms periods post stimulosset. Fig.3.10 shows the spatial pattern of the
controlled dob grajectoryin the singletask motor, and dudhsk targetand standardtimulus
conditonsby superi mposing the devi at i.olThe naiafigurer ns
shows that the controll ed dot 0 s-task, rasgpsnouluo r y

condition only. A magnified inset shows this deviation pattern in six representative participants.

Both the horizontal and vertical components of this deviation pattern were quantified using a 3 (task:

motoronly single task, dual &k with standard stimulus, dual task with target stimulus) x 6 (time: O
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200, 206400, 400600, 606800, 8061000, 10001200 ms) repeated measures ANOVA. In the case
of horizontal deviation, the main effect of task was significk(®,(46) = 7.72p<.001, hc*= .097),

as was the main effect of time(g, 138) = 4.44p<.001, ic’>= .062). The interaction between task
and time was also significar({12, 276) = 6.129<.001, 4c*= .058). Comparison of means indicated
that horizontal deviation in the duisk taget condition differed significantly from the other
conditions in the 60@00 and 801000 ms time periods. In the case of vertical deviation, the main
effect of time F(6, 138) = 3.18p<.01, Ac’= .041) and the interaction between task and tiR2,

276) = 2.72p<.01, hc*= .043) were significant. In pesioc means comparisons, however, there were

no significant differences between conditions in any of the time windows.

Horizontal

Tracking deviation (pixels)

0 200 400 600 800 1000 1200 1400

Time (ms)
Figure 3.9. Tracking Deviations in Cartesian coordinates. Epoched tracking deviation (pixel
difference between controlled and leading dots) in the horizontal (top) and vertical (bottom) axes.
The dashed vertical line at ~400 ms indicates mean P3b peak latency. Both vertical and horizontal
tracking deviation increased for dual-task target trials in the 600-800 ms and 800—1,000 ms
periods. Tracking results are shown separately for the oddball task’s standard and target trials and

for the single-task condition in which participants only performed the tracking task.
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Figure 3.10. Spatial representation of tracking deviations. Grand average epoched horizontal (X)
and vertical (Y) deviation (pixels) in the manual tracking task. Stimulus onset time and mean P3b
peak latency are marked by black lines crossing the time series. The insert shows a magnified view
of X and Y deviation for dual-task target trials for six representative participants. In the target
trials, the controlled dot’s trajectory extended beyond the circular trace of the lead dot, indicating

that participants were impeded in their ability to keep their motion entrained to that of the lead dot.

Relationship between P3b amplitude and visuomanual tracking deviation

The duaitask targestimulus condition produced a significant tracking deviation in the 500 ms time
period following the P3b peak. As the P3b co

task relevance, the observed trajectory deviationahdacurred during the subsequent executive
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function of updating the target tally. To test whether tracking deviation may have been related to the
P3b process, P3b peak amplitudesre correlatedvith the maximum horizontal and vertical
tracking deviation that followed. Neither horizontal (r = .126, p=.56) nor eait(r=.06, p=.77)

deviation weresignificantly correlated with the P3b peak amplitude.
Visuomanual Tracking Deviation: Polar Analyses

A limitation of analysing tracking deviation on a cirauteajectory using Cartesian coordinates is

that separable estimates for the angular lag (i.e., whether the controlled dot was ahead or behind tt
lead dot in terms of the angle subtended on a reference axis) and the radial deviation (whether th
controlled dot deviated into or out of the circle defined by the lead dot) could not be obtained
throughout each trialds epoch in the same wa
result from different angular and radial deviations dependingequadrantand this resulted in the
guadranispecific calculations detailed in Chapter 2. This relationship was further complicated by the
fact that trial epochs started and ended at different points (and hence traversed different quadrant:

along the aicular trajectory.

These issues were mitigated by analysing tracking deviation using polar coordinates whereby thet:
depicted the angular lag or advance and rho depicted the radial error. To examine the effects o
stimulus type on both theta and rtheviations, a 3 (Task: motanly, dual task standard, dual task
target) x 5 (Post P3belay: 300,600,900,1200,1500 ms) repeated measures ANOVA was used. For
theta, a significant main effect dfite was found (4, 92) = 6.73 p<.005, hs’>= .227), as was a
significant interaction between task and timdhich showed that target stimuli presented greater
theta deviations than both standard and moidy trials in the300 and 600 ms post P3b delay
periods. The theta deviations were positive, indicating anlangdvance with respect to the lead
dotds position (i.e., the controlled dot go

significant main effects or interactions were observed.
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Figure 3.11. Tracking deviations in polar coordinates (theta, rho). The time series are zero

normalized to the timing of the P3b peak (at 400 ms). Target-stimulus trials generated greater theta

deviation than standard-stimulus trials and motor-only trials in the 700 to 1000 ms post stimulus-

onset period.
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Figure 3.12. Theta deviation across the trial epoch for motor-only, standard-stimulus, and target-
stimulus trials. The data are zero normalised to the timing of P3b. Significant differences were
observed between target trials relative to motor-only and standard trials between 700 and 1000 ms

post stimulus-onset). Evror bars show standard ervor.
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Figure 3.13. Rho/theta deviation time series with pre-stimulus baseline correction. The analysis

period from 0-500 ms is shown shaded in blue.
In the case that trackindeviations manifested prior to P3b (i.e. when the additional load was
present), a second analysis on rho/theta was conducted. Deviation time series were baseline correct
by calculating the mean of the deviation values in thespneulus window for eachondition, and
removing said mean from each sample throughout the relevant epoch. Time series were subsequent
separated into 100 ms bins, from time zero (stimulus onset) to 500 ms, and the means calculate
within each bin, for each condition/stimulus34stimulus motoronly, dual taskstandard, dual task
targe} x 5 {time window 0-100, 106200, 2068300, 306400, 406500) repeated measures ANOVA

was usedfor rho and theta separately.

For theta, no main effects or interactions were found. Forahwain effect of timewas found
(F,4,92)6.60, p<.054c’= .015),wherebyvalues at 500 ms presented more negative rho deviations

than all other time periods. Note that the scale of this difference is in the orderpiksisb
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Figure 3.14. Rho Deviation over Time (Pre-P3b period). Rho deviations from 100 to 500 ms post
stimulus onset for all trials. Values in the 500 ms period presented more negative rho values than

the preceding time periods. Evror bars show standard errors.

Effects of oddball taskperformance on spectral power over primary motor cortex

Visuomanual tracking occurred in three task conditions: manty, duattask with the standard
stimulus, and duahsk with the target stimulus. In these three conditibmgsexpectedhatevent

related desynchronization (ERBJ)ould be observedver motor cortex relative to the singhesk
standard and target oddball conditions (where there was no motor activity). Additionally, recall that
if performing the oddball task while tracking reduced matsourcingjt was expectedhat less

ERD (more spectral power) in the two dietk conditions relative to the motonly condition.
Separately for alpha and beta power bands, a 2 (hemisphere: LH, RH) x 5 (taskstaimgied,
singletarget, duaktardard, duatarget, motoonly) repeated measures ANOVA using absolute

power as the dependent measwas usedFig. 3.15.

For the alpha band (Fig.1%), the main effects of hemispheFgX, 23) = 14.09p<.001,/c%= .012),
and task F(4, 92) = 13.88,p<.001, hc>= .092) were significant, but the interaction between

hemisphere and task was not. For the beta band alsa3(EHy), the main effects of hemisphere
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(F(1, 23) = 13.98p<.001,/%= .012), and task(4, 92) = 19.29p<.001,hc’= .084) were sigficant,

but the interaction between hemisphere and task was not. As Fig. 9 indicates, spectral power ove
motor cortex was reduced (i.e., ERD occurred) in the three task conditions involving tracking. Post
hoc mean comparisons did not find differencesvben the dualask and moteonly conditions in

either band, which suggests that motor programming resourcing was not impacted as a result o

concurrently performing the oddball task.
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Figure 3.15. Alpha & beta-band power over motor cortices. Alpha (a) and beta (b) band power
over left and right primary motor cortex during all single and dual task conditions. Power was
attenuated in the dual-task and motor-task only conditions, indicating desynchronization linked to
motor activity. Desynchronization was greater in LH (the motor task used the right hand), but did
not differ in either frequency band between the dual-task and motor task-only conditions. Error

bars show standard errors.
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In case any power differences occurred over shorter duration$iemdore could not be detected
over the whole trial period, spectral power over left primary motor cortex (contralateral to the moving
hand) using a &ask: motoronly, dualstandard, duatarget) x 6 (time: €00, 206400, 406600,
600-800, 8001000, and1000200 ms) repeated measures ANOWas used There were no
significant effects, indicating that spectral power over motor cortex did not change across the motor

only and duatask standard and target conditions.

Discussion

The main aim of the curreekperiment was to assess the pattern of CMi during basic task settings.
That is, without any load manipulations. Of specific interest was the timing and reciprocity of CMi
across both cognitive and motor tagksen the demands of the cognitive task wasinply update

a target count on detecting a salient target stimulus.

Performing the visual oddball task during visuomanual tracking reproduced performance deficits that
are characteristic of dutdsk interference. The participants made more errors iortheg the
number of targets in the duilsk condition, and they also generated greater positional deviation in
the tracking task, but only following the onset of target stimuli in the oddball task. Investigating these
duattask costs at the level of eteaphysiological events generated significant new information, both
about the possible selectivity of duakk costs with respect to cognitive quiocesses, as well as

asymmetry and asynchrony in reciprocal effects.

First, at around 100 ms, there wascuatask effect on P1 component amplitudenfirming no

effect of global attentional demands on Eagizzi et al., 2013; Gherri & Eimer, 2010hus, there

was no indication that tracking affected bottamperceptual processing of stimuli at this tiree.

The stimulus effect (a larger P1 magnitude for the target stimulus which had greater contrast) unde!
both single and dual task conditions also indicated that visual engagement in the tracking task dic
not compromise eargtage perceptual processiofjthe oddball stimulus. The P1 results suggest
that the singleandduala s k condi ti ons were comparable in

detect the oddballl stimul us. Note that part
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fixation at thecentreof the screen region where task stimuli appeared. So, eye movements, such as

pursuit of the leading dot during tracking, played a minimal role, if any.

At 200 and 300 ms post stimutogset, duatasking did affect toglown categorization/template
matching (P2) and tagkelevance judgement (P3b) processes. The P2 component is thought to
signify top-down processes involved in comparing the current stimulus to representations of previous
ones, such as the templates of standaditarget stimuli in this oddball task (Kim et 2008; Luck

2005). The P3b is linked to the identification of the stimulus as a target, and hence its relevance tc
the response procedaugk, 2005 Polich 2007). Attenuation of both component amplitsdguring
duattasking indicates that the resourcing of thesedmpn processes was compromised during
concurrent performance of the tracking tasttenuation of P3b has also been observed in other dual
task studies(Matthews et al., 2005; Pratt et alQ12; Ross et al., 2018Wemonstrating its

susceptibility to the demands of concurrent tasks.

The results of timdérequency analysis of EEG corroborated the ERP evidence of reduced resourcing
of the oddball task during dutdsking. The comparatively rarencounter with the target stimulus

is a change in processing that should instigate a parietatbgpithERD around 46600 ms post
stimulusonset (Sutoh et aR000). Duringduat as ki ng, a signi ficant re
magnitude in the 45650 ms time bin (. 3.5, bottomleft panel)was observedndicating that the
neural process of target identification was not as robust as in the-tsigigbituation. This result was

also reflected behaviorally in reduced tardetection accuracy in the ddalsk condition.This
reduction in alpha ERD could reflect changes in active cortical inhibition related to the additional

demands of the pursuit trackj task.

In addition to the above, concurrent performance of the tracking task was also found to affect the
strength of the frontparietal network (Corbeti& Shulman2002) that supports attention tasks such

as oddball detectiorfintekin& B a k 200Q Sadaghiani et 312012 Sauseng et al2006; Van
Schouwenburg et al2017). The dualasking condition showed lower alpband magnitude and
phase coherence between frontal and parietal networks, indicating that thecksyeortical

coordination tht links bottorup and topdown processes in attentional tasks was eroded when
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simultaneously performing the tracking tasicreased frontal alpHaand power in the dudihsk
conditionwas also obserbedvhich confirms that overall WM load increased whileattasking
relative to the single task, as has also been observed in imaging studies of coytitivdualtask
interferencedescribed in the introduction chap(®oi et al, 2013 Holtzer et al.2011;Leone et al.

2017 Meester et a]2014).

These results show that concurrent visuomanual tracking had a negative impact on oddball tasl
processes in the P2 and P3b time periods, suggesting that this type-ob@8ive duatasking
reduces attentional resources available to the cognitive taskprBcally, however, neignificant
deviationdn tracking accumulated during these time periods. Performing the tracking task reduced
the accuracy of oddball target detection, which could have resulted from interference irPtBie P2
timescale (where thwaveforms were magnitu@gtenuated when dugdsking) or later during the
executive function of updating the tally, or both. In the reverse direction, the impact of oddball
detection on tracking performance occurred only in the period after the P3loma\end then only

in trials where the target stimulus was encountered. Moreover, the magnitude of tracking deviation
was not correlated with that of the magnitude of the preceding P3b component. The fact that tracking
deviation occurred only ithe casef the target stimulusyhich has ao been observed previously
(e.g.,Gazes et al2010)and that its magnitude was unrelated to that of the preceding P3b, together
preclude the possibility that an earlier, more general interference resulted in détagedie the
postP3b response stages. Rather, the observed pattern strongly suggests that it was the cognitiy
response triggered by the target stimulus (i.e., the executive function of updating the target tally) that
interfered with tracking. In this sse, the updating process could be considered a (cognitive)
perturbation to the tracking coordination. Note that the tracking errors observed following target
stimuli amounted to a phase advance relative to the lead stimulu8.(Bigwhereby the contfied
cursordeveloped an angular advance relative to the lead cfirsgrits angular speed temporarily
increased relative to the leading Jdthis pattern suggests that the perturbafiiueto the updating
process in the target conditjodiffers fromprocesssthat resulted ipauses to tracking that were

seen when postural perturbations were applied while visuomanual tracking was performed as ¢

secondary task (Mcllroy et all999; Norrie et a]2002).That is, a cessation of tracking performance
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was observedvhen postural perturbations werglivered, in contrast to an overcompensation in
tracking performance observed here. This different could be due to the difference in nature of the
perturbation (motor Vs. cognitivef:or example, a motor perhation may have been sufficient
enough to completelgtop performance in pursuit tracking, whereas a cognitive perturbation (as
delivered in the current studyjay have instigated a strategic compensafoavious research has
shown that reaction time tvisual or auditory stimuli can be slowed when a perturbation is applied

to a concurrent balancing function (e.g., Redfern eR@D2).The angular advance seen here also
represents a loss of entrainment to visual feedback, but by running aheadst#at iof falling
behind. As the task did not allow any scope for accommodating resource demands by slowing dowr
the tracking taskdés performance (as is often
have beerna compensation strategy. That [grticipants anticipated thahey would become

distracted and may potentially lag behind, and compensated by advancing ahead of the leading dot

The interference pattern observed here shows that simply documenting reciprocal performance
deficits at the bieavioural level is not sufficient for understanding the metracture of interference
between a CSC and a concurrent cognitive task. It is possible that, as in the present task combinatio
the CSC impacts the attentional components of the cognitive athkt is an executive function
component of the cognitive task that impacts the CSC. Also, these directional influences can occul
at different times in the informatigorocessing sequence. Such a finding was made possible in this
study by the use of autti-component cognitive task, and the deployment of neurophysiological
methods to resolve interference effects to the specificsirates of task components. The possibility

or significance of such asymmetric and asynchronous-&f§@itive interferenceds never been
highlighted in the large and growing didakking literature on everyday CSCs (e.qg., driving, gait, or
balancing). This is despite the fact that the vast majority of everyday cognitive tasks performed
alongside common CSCs involve perceptiattention, and executive functions, as well as a motor

response in some cases.

Even using highly controlled laboratory tasks, it is rarely possibénsorethat the cognitive task
only taps a single cognitive syisocess such as attention or EF. Evayydognitive activities almost

always combine a number of splocesses. In addition, multiple simultaneous task demands activate
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executive attention processes that dynamically adjust cognitive resource allocation (Riddetinkhof
al.,2004). In the presestudy, performing the CSC alongside the oddball task evidently put pressure
on available attentional resources, as indicated by attenuated P2, P3b, and parigbalnal ifRRD.
However, this did not have a reciprocal effect on CSC performance in thetissaseale. Thus,
reduced resourcing of the cognitive task rather than the CSC was the preferred solutiontéskdual
demands at that timescale. This pattern is also seen in the context obatiplESCs such as gait

or balancing, where priority is noatly given to CSC maintenance at the expense of cognitive
performance (fei.rgst,6 tphrei moploMt AldnoeghBthissteatagy és istabée |

for healthy young adults, in older people, particularly neurological patients, prioritizatibe face

of duattask pressure does not always favour the CSC (Y-8géigmann etal2 0 0 8 ) . Par ki
(Bloem et al, 2001) and stroke patients (Huitema et2006) may prioritize the secondary task over
gait or balancing, and even healthy olddults can prioritize their planning of future stepping at the
risk of losing balance (Chapma& Hollands 2007). In this study, close inspection of the
electrophysiological events associated with multiple cognitivgpsabesses enabled the observation
that CSC performance was maintained at the expense of resourcing the attentional component of th
cognitive task in the 20800 ms timescale, but this was retidentat the timescale of the EF

component of the oddball task.

As previously outlined, there g®nverging evidence that CSC stability is most consistently impacted
by concurrent EF tasks. Even though CSC performance in the present study remained unperturbe
as the oddbal | -ptoeessksicame anddr resourding presdure, C8had oecdr

later during the EF suprocess of the same task. As the present task setting did not allow strategic
adaptations (e.g., reducing CSC speed), or utilization of the kind of error tolerance that is inherent in
everyday CSCs such as driving or watkiit provided strong evidence that concurrent demands for
EF operations may be at the heart of @®@nitive interference. There is not a universally accepted

list of the types of cognitive operations that comprise EF. In the context ofcG§ttive dual
tasking, YogevSeligmann et al(2008) identified volition (formulating goals, initiating action), self
awareness, planning (identifying and organizing -sdis), responsahibition (disregarding

irrelevant information), respongeonitoring (detectingerrors with respect to task goals) and
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attention allocation (distributing available cognitive resources among competing demands) as aspect
of EF. An alternative to this functional approach has been to associate EF with specific operations
performed on irdrmation held in WM. Miyake and colleagues (Miyake et 2000; Miyake&
Friedman 2012) have proposed, for example, that EF involves updating (monitoring and altering
WM contents), shifting (moving resources between task sets) and inhibition (suppeéfesitgyof

irrelevant information).

In terms of the latter approach, the EF component of the covert oddball task used in the present stud
was updating (the tally of target stimuli detected). @®Gnitive duaftasking studies have
frequently addressedifting (e.g., slowing down the CSC to accommodate cognitive operations)
and inhibition (e.g., using Stroop tasks), but the effects of updating operationsm c ur r en't
performancenave not been highlighted. It might be that detecting the impagidazitung was only

made possible by severely curtailing the opportunity for shifting (by preventing speed variation).
Updating taskelevant information in WM is patently ubiquitous in everyday cognitive activity.
Indeed, shifting between task sets must @isolve largescale updating of which information is
currently taskrelevant, and even inhibition is only possible when the currentrédekance of
information is kept updated. Even as updating processes are recognized as fundamental to performir
or switching between cognitive tasks, it is worth noting that frequently updating the state is also
fundamental to the maintenance of any CSC. This form ofsfatating must integrate sensorimotor
information on a grand scale, be tailored to the currentgaals held in WM, and, importantly,
maintain a high enough frequency to ensure CSC stability or counteract perturbations to it. It is highly
plausible that prérontal cortex activity detected during CSCs, such as walking (HaradazaG9,

Suzuki et al 2004), is associated with staipdating. The extent to which updating operations can

be performed simultaneously with respect to more than one task could be a key point in understandin
CSGcognitive interference, and indeed, dtask interference mergenerally. It has been shown

that just like CS&ognitive duaittask performance, updating performance in EF tasks also declines
with age (De Ben& Pallading 2004).The currentesults suggest that future research should focus

on the possibility that the EF of updating is at the heart of-G®fitive interference
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Chapter 4: Experiment 2: The effects of executive function load

on concurrent sensorimotor coordination

Introduct ion

The experiment presenteddnapter 3 highlightedn asymmetric pattern of interferermtweerthe
cognitive (oddball) task and timeotor (pursuit tracking) taskhe tracking tasknodulaedcognitive
processing agarly as element gemplate matchig), while significant perturbationso tracking
performance did not manifest unélement 4 (target count updatingf) the oddball task. As the
tracking deviation occurred in the pd38b period, and its level did not correlate with P3b magnitude,
the tallying of detected oddball targets appeared to be the cognitive task component that interferec
with the tracking taskTo test this intergtationfurther, the experiment reported in this chapter

manipulatedhe cognitive load associated witlte updating element of tloeldballtask.

The successful updating of the target caargn executive functio(EF) that involvesmaintaining
the currehcount in WM, identifying thestimulusas a targetand changing the couatcordingto
the specified ruléMiyake & Shd, 1999. Both frontal and parietaprocessesupportoperations
involved inthe manipulation of numerical informatiofrontal processes contribute tetrieval and
updating(Delazer et al., 200Xazui et al, 200Q andparietalprocesseglay an important role in
calculations Yoo et al, 2009) Behavioural studies haveeportedlonger reaction times for
calculationsvithagrea er 6 p r oAshcmfml1992iGmean & Parkman, 19%2The magnitude
of the calculation(e.g, addingfive rather thanaddingtwo), determines the speed at which the
calculation is performed.e., adding a larger numbeequiresa more complexnanipulation tha
addingsmaller numbers, resulting in longesponséimes. Posner (1964) quantified the processing
demands of anumerical manipulationtask in informationtheoretic terms ashe amount of
information reductiorrequired to perfornthe calculatioritask difficulty (i.e., processing demand)
is proportional to the magnitude of information reduc{idasner & Rossman, 1969hemagnitude

of information reductiorin bits represents thavailability of correct answers amongst the number

set.For examplesubtracing by sevenhas fewercorrectoutcomeshan does subtracting liree
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The amount of information reductiontre difference betweehe quantityof information contained
in theoriginal population of numbergay, for example,-80), and theguantity of information inthe
available set of corre@nswersRepeatedly dductingthreerequires the selection of a third of the
originalinformation The amount of information ia nunber population of 80 i®g, 80 =6.321bits.
The amountof information in thepopulation of available answem.¢ a third of the populatigris
therefore a third of the information in the original,ggven as (log80)/3= 2.107. Therefa, the
operationinvolvesthe reduction of 4.21 bits of informatiomhis redwction is greater (and more

resourceintensivg thandeductingwo, where the information reductidevelis only 3.16 bits.

Information reduction taskgsuch asmental subtractionhave been usegreviously in motor
cognitiveinterference studig®ellecchia & Turvey, 200Pellecchia2003, wherea higher level of
informationreductionrequired by the cognitive tasksuls in greater performare deficits n the
motor taskAs the aim of the current experiment was to increasEfteadassociated with updating
the target count, a subtraction task with two levels of information redybigimload 4.21 bits, and

low load, zero bitsjvas chosen as the targdatlying task. As this manipulation only changed what
was to be done once adat stimulus was detected, and did not affect the difficulty of detecting the
target, it was not expected to directly impact the attentional load associated with elements 2
(templatematching) and 3résponseaelevance acknowledgeménif the oddball taskHowever,
there wasa possibility that increasing the difficulty of the tallying task could indirectly affect the
earlier stages of the oddball taglirst, participantscouldrehears the current tally, or prealculae

the new value in advance of identifying the stimulus as a teBgebnd, participants could reserve
cognitive capacity in anticipation of the stimulus being a target and demanding EF resbaorces.
mitigate these possibilitieghe load was kept lower thaypically used in information reduction tasks

(subtraction byneor threerather thanfor examplepy threeor sevenas in Pellechia, 2003.

It wasrecognisedhat increasing the required level of informatioduetioncould lower accuracy
(due to theincreased cognitive load of tallying even though the load involved in identifying the
stimulus as a target did not chandéyeductions irP1, P2or P& amplitude occurreth the higher
EFload conditionthe manipulationvould have affectetheattentional requirements associated with

identifying the targetlf no such attenuation ocaed, then itcould be arguedhat target detection
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wasunaffeced, and the reduction in accurgdybserved)vasdue to thencreasd loadof thetally-
updatingoperation.Bas ed on Ch a pitt was alsd3 Hypothesed that indreasjng the
difficulty of the post targetdentification element of the oddball task would amplify the tracking
deviationsoccurring in thgpostP3btimeframe. 1 wasalso expectethattracking deviatios would

remain confined to the post targdentification timeframe as observed in Chapter 3.

Regarding thdrackingtask s e f f ect o n giverhtee fiodohgs lmfahdter 3itavask
hypothesized thaP2 and P3b amplitude (but not P1land parietal alphébanddesynchronization
would be attenuateduring dualtasking,andthat this attenuation would nbe modulatedy the

t al | yi difficulty. &isek thathe WM demands of thepdating operatiowould begreaterin

the higher EF load condition it was hypothesized thahis condition would increase frontal
alpha/lowbetapower, as would the added load of ddatking itself.For fronto-parietal coherence,

it was hypothesized thdualtasking would again tienuate both magnitude and phase coefficients,
and that this attenuation would benfined to time periodprior to element 4. It was unclear as to
how the modulation dfallying difficulty would impact the frontgparietal networknvolved in the
task, but it was predicted that there would be no effecE®floadon coherence measuriésthe
network measured is associated with the processing of the oddball task stimulus, and not the

subsequent targéally updating operation.
Methods

The methodologicatletails general to all the reported experiments are provided in Chapter 2.

Information specific to this experiment is provided in this section.

Participants

The participants were 24 selportedly righthanded adults (13 males; mean age = 28.6, SD=3.54,
range 2438), with normal or corrected to normal vision, no current prescribed medication, and no
history of sensorimotor or cognitive deficits. They were recruited through a research participation
scheme, and compensated with research credits. The gartgigave informed consent before the

session, and were fully debriefed following data collection. Ethical approval for the research reported
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in this paper was granted by the Nottingham Trent University College of Business, Law and Social

Sciences Researétthics Committee.

Tasks

Participants first completed the motor configuration task described in the general methods chapter
Following the selection of an appropriate tracking speed, participants were then subject to the visua
oddball tasklfigh and lowEF load condition blocks separatelifjetracking task, and the dual task

(high andlow EF load blocks separatelyh a counterbalanced order.

Oddballtask

The participants fixated at tleentreof the screen while a sequence of shaded (target) eshaaied
(standard) circles (r = 100 pixels) were presented, centred on the fixationTdéress stimuli were
presented for 200 ms, with an ISI of 2500100ms. The ratio of target to standard stimuli was 1:4,
and there were at most 12 targets presenteghdh block (the number of trials per block varied
between 40 and 60). Participants were presented with a random integer befveeerd5 at the
beginning of each block and were askedkéepdeducing one or three(low EF or high EF load
blocks respectively@very time they detected a target stimulus. There were 5 blocks of trials in both
low andhigh EF loacconditions. At the end of each block, participants were asked to enter the integer

that they arrived at via a keypres$igresponswas logged, as were tliE=G data.

Dual Task

The patrticipants performed the oddball task (Hotkh EF and high EF load varianjswhilst also
performing the visuomanual tracking taskve blocks of each variant wepeesentedEach block

of trials startedwith the leading and controlled dots in an overlapping position. As the leading dot
started moving, and the oddball task got under wlagp ar t i ci pant sd task \
positional overlap between the dots while performing the oddball task. Thdiates of the

controlled and leading dots, the target count and the EEG data were recorded.
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Statistical Analysis

Statistical analysis for all measures were based on tests from the general liner model framework
Below | detail which tests were used &xch measure in order to examine the effects oftdsking

on singletask performancand the influence of the load of the updating operation.

Oddball target detection accuracin order to test the effects of duakkingand the loading of the
updatingoperationon the oddball task on a behavioural levelgpeated measures ANOVA with

task (single, dual) and load (low, high) as factors was used. Htaskihg was to impede oddball

task performance, then a reduction in accuracy would be observed.adtsw possible that the higher

load condition would reduce accuracy in the oddball task, as the updating operation was made mor

difficult.

ERP component1, P2, and P3b ERP component amplitudes were compsimgl a repeated
measures ANOVA with task (single, dual), stimulus (standard, target) and load (high, low) as factors.
If P1 amplitude was to be reduced in dtak conditions, then it would be inferred that pursuit
tracking attenuated low level visualggessing. It was also possible that the loading of the updating
operation could modulate P1 amplitude, though this was not predicted as the load was intended t
stress later processing operations. If P2 was to be reduced duririgskiad), then it was ferred

that attentional resources dedicated to categorising a stimulus was reduced. Again, it was possibl
that the updating load would modulate P2, however this was not predicted given that P2 is associate
with categorising the stimulus and not with ugadg the target count. Finally, if P3b was to be
attenuated, then it was inferred that attentional resources dedicated to response preparation w:
reduced. It was possible that the load manipulation introduced here could impact P3b amplitude,
given that imlividuals could organise attentional resources in anticipation of a more difficult

calculation.

ERSP and frontparietal coherenceSo as to test the effects of duaskingand the updating load
on parietal alpha power, frontal alpha/kneta power, anthe coordination of the frontparietal
network, a repeated measures ANOVA with condition (single taskstasidl, stimulus (standard,

target) load (high, low)and time bin (0 to 2000 ms in 20 time bins) were considered as main factors.
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For parietal alpA, if the power that is typically reduced during target processing (alpha ERD) was
attenuated, then dutdsking would be shown to interfere with the processing of spatial
representations in WM and the preparing of a suitable respbhseintroduced loadould have
potentially modulaté parietal alpha ERD, given that individuals could organise attentional
resourcing in anticipation of a more difficult calculatiés. for frontal alpha/lowbeta, if power was

to be increased in the duask condition spedtally after 500 ms following target onset, then the
presence of pursuit trackingould be shown tancrease the attentional demands associated with
updating the target court.was expected that an increased loading of the updating operation would
modulde frontal alpha/lowbeta ERS, in that an increase in power would be obsefFirally, for
fronto-parietal coherence, if dutdsking was shown to reduce alpha coherence magnitude or phase,
then the frontgparietal network set up to maintain the perforo®of the oddball task would be
hindered.It was also possible that the more demanding variant of the updating operation would

significantly modulate the behaviour of the froarietal network.

Pursuittracking: Pursuit tracking measuresre reported inpolar coordinatesn two separate
analyses. The first analysis baselines the tracking timeseries at the timing of the P3b peak, wheree
the second analysis using a-stamulus baselineA repeated measures ANOVA with task (single,
dual, motoronly), load(high, low)and time bin 800, 600, 900, 1200, 1500 ms post P8hsused

in order to compare rho and theta tracking deviations in single taskiagialand moteonly
conditionsunder different loads in the first analysis. For the second analysfsctbes remain the

same, however with 5 time bins (from 0 to 500 ms in 100 ms.biRBY and theta allow for the
analysis of radial and angular deviations at specific-pimiats throughout the processing of oddball
task stimuli. If theta was to assumaeegative value at a certain time point, then the controlled dot
could be considered to be lagging behind the leading dot, whereas a negative rho value would indicat
that the controlled dot was positioned inside the trajectory set by the controlledv@dtel were

to be positive in theta, then the controlled dot would be positioned further ahead than the leading dot
and a positive rho value would indicate that the controlled abéxiznded beyond the boundary set

by the leading dotThe timing of sub deviations would be informative as to the contributing

cognitive operation in the decline in motor performance.
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Modulations in motor cortex activityt was expected that performing a motor task would reduce
alpha and beta power over the left motore&ofindicative of the involvement of the primary motor
cortex in the coordination of positioning the controlled dot). A repeated measures ANOVA with
hemisphere (left, rightjoad (high, low)and task (moteonly, single task standard and target, dual

tak standard and target) as factors was used with alpha and beta power as the dependent meast
(performed separately for each). If either alpha or beta ERD was to be reduced in ttasidual
condition relative to the motanly condition, then it would beetdnonstrated that the processes
involved in the oddball task interfere with activations of the motor colftexpha or beta ERD was

to be modulated by the updating operation load, then it would be demonstrated that the updating loa

interfered with motorortex activation.

Results

Oddball Target Detection Accuracy

To test the effects of dutdsking and EF load on target detection accuracy, a 2 (Task: single, dual)
x 2 (EF load: high, lowjepeated measures ANOW®as used. Thereere no significant effects of
task or EF load on oddball detection accuracy. The numerical trend was in the direction of lower

accuracy during dual tasking.

ERP Components
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Figure 4.1. ERP component waveforms for P1, P2 and P3b for stafldfijcand target (right)
stimuli for single and dual task, and low and high EF load conditions. Waveforms are av
referenced and show15 Hz (for display purposes, amplitude values for statistics were de
from data between 1 and 50 Hz). Also shawe grand average scalp topographies for each E
component. No significant differences between single anetasis were found for P1. Both F
and P3b show statistically significant differences between single andadikatrials for target
stimuli (dwal-tasking reduced component amplitude). Only P3b showed an effect of EF

(higher EF load reduced P3b amplitude during target trials).

The effects of dualaskingand EF loadn the amplitude of P1, P2 and Rmponent waveforms
were analysed usirg?2 (Stimulus: standard, targ&t® (Task: single, dual) x 2 (EF load: high, low)

repeated measures ANOVA

P1: The main effect of stimulus was significaR(1,23) = 9.69p<.01, /&% = .06, P1 amplitude was

greaterto the higher contrast target stimullsg. 4.2].
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Figure 4.2. Grand average P1 amplitude condition means for standard and target trials in single
and dual tasks. Target stimuli resulted in higher P1 amplitude than standard stimuli. There were no

dual-task effects on P1 amplitude.

P2: The main effect of stimulus was significaf(],23) = 43.29p<.001, /¢ = .21; P2 amplitude
wasgreaterto the target stimulus]. The interaction between task and stimulus was also significant
[F(1,23) = 6.10p<.05, he? = .01; P2 amplitude was greater to the target than standard stimulus in

both the single and dual tasks, but the difference was reduttes dmal task conditiofiFig. 4.3)}
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Figure 4.3. Grand average P2 amplitude condition means for standard and target trials in single
and dual tasks. P2 amplitude was greater to the target than standard stimulus in both the single

and dual tasks, but the difference was reduced in the dual task condition.

P3b: The main effect of task[1,23) = 5.50p<.05, 4c% = .03; P3b amplitude waseducedduring
dual tasking], stimulusA(1,23) = 86.25p<.001, 4s? = .48; P3b magnitude wageaterto the target
stimulus] and EF loadq(1,23) = 9.70p<.01, 4c% = .007; P3b magnitude wasmallerwhen EF load
was high] were significant. The interaction between task and stimulus was also sigrifids2®)[

= 6.78,p<.05, hc? = .008 P3b amplitude wasigher for the target than standard stimulus in both task
conditions, but for the target stimulus only, dtagking reduced P3b amplitu@iig. 4.4, left)] The
interaction between EF load and stimulus was also signifieght23) = 5.38p<.05, Ac® = .002,

P3b amplitude wagreaterfor the target than standard stimulus in b&fload conditions, but for

the target stimulus only, higher EF load reduced P3b ampli(Edge 4.4, right).
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Figure 4.4. Grand average P3b amplitude. Left panel: P3b amplitude means for standard and
target trials in single and dual tasks. Target stimuli showed higher amplitude than standard stimuli
in both tasks conditions. Amplitude was reduced in the dual-task condition for target trials. Right
panel: P3b amplitude means for standard and target trials in low and high EF tasks. Target stimuli
generated higher P3b amplitude than standard stimuli in both EF load conditions. Amplitude for

target stimuli was reduced in the higher EF load condition.

Event-related spectral perturbations and fronto-parietal coherence

Experimental effects on parietal and frontal alpetaband power, and frontparietal alphéand
amplitude and phase coherence were analysed using a 2 (Task: single, dual) x 2 (Stimulus: standar
target) x2 (EF load: low, high) 20 (time) repeated measures ANOVA. Time bins were of 50 ms
duration and spannedl®00 ms post stimulus onset. Frontal alphad power was analysed over

the 5501000 mgpost stimulusonset)time period
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Figure 4.5. Grand average tirfeequency plts and low beta time series derived from fron
midline electrode C21 (top) and alpha band time series from parietal midline electrode A19 (b
for target stimuli in single and dual task conditions (left and right, respectively) under low
task:Minus 1) and high (tally task: Minus 3) EF loads relative to-gtienulus baseline. The dashe
squares show the correspondence betweenftiggency plot features and the derived time ser
For frontal alpha/lowbeta, a reduction in power was obsendeding duattasking (relative to the
single task) at 750 ms post stimulus onset. Higher EF load also reduced frontal alpbetéopower
relative to the low EF load. In the case of parietal alpha, daaking reduced alpha ERD, whil
higher EF load incrased ERD. Under high EF load, parietal alpha power was significantly lc

(i.e., desynchronization was greater) for target than standard stimuli during the single task.
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Parietal Alpha Band Power

The main effect of task was significajf(1,23) = 4.35,p<.05, As®> = .02, parietal alphéand
desynchronization was reduced during dual tasking]. The main effect of stimulus was significant
[F(1,23) = 10.35p<.01, A = 02, parietal alpha desynchronization was greater for the target
stimulus]. The main effect of EF load was also significk(it [23) = 6.98p<.05, Ac? = .002 parietal

desynchronization was greater during higher EF]load
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Figure 4.6. Grand average parietal alpha power means for standard and target stimuli under
single and dual task conditions. Parietal alpha ERD was greater (i.e., power was lower) for target
than standard stimuli in the single task condition. Dual-tasking reduced the alpha ERD difference

between standard and target stimuli. Evror bars show standard error.

The task x stimulus interaction was significaR{1],23) = 4.68p<.05, hg = .05, parietal alpha

desynchronisation was greater (i.e., power was lower) for the target stimulus during single tasking

but this difference was not significant during dual taskkig. 4.6).

The stimulus x time interaction was significaR¢19,437) = 12.48p<.001,/c? = .03, parietal alpha

desynchronization was greater for the target stimulus in th&800ns posstimulus onset period

(Fig. 4.7).
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Figure 4.7. Parietal alpha power time series for standard and target stimuli.. Target stimuli
generated greater desynchronization than standard stimuli between 500 and 700 ms post stimulus

onset. Evror bars show standard error.

The interaction between task, stimulus type and EF #&pguioached significandé&(1,23) = 3.93,
p=.06, h = .02]. Posthoc analysis showed that, under high EF load, parietal alpha power was
significantly lower (i.e., desynchronization was greater) for target than standard stimuli during the
single task. The implication is that the reduction in desynchronization firagte 20 dual tasking

was more prominent under high EF Id&iy. 4.8)]
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Figure 4.8. Grand average parietal alpha power for standard and target stimuli in single and dual-
task conditions under high and low EF load. Under high EF load, parietal alpha power was
significantly lower (i.e., desynchronization was greater) for target than standard stimuli during the
single task. Dual-tasking reduced desynchronization more under high EF than low EF such that the
difference between EF loads that was seen in the single task disappeared. Evrov bars show

standard error.

Frontal Alpha/Beta Band Power

The main effect of time was significar&(P,207) = 6.33p<.01, /ic° = .01, Frontalalpha/lowbeta
power peaked at 750 ms pasimulus onsét The main effect of stimulutypewas also significant
[F(1,23) = 8.96p<.01, hc? = .002 frontal alpha/lowbeta power was greater for the target stimulus.
The interaction of time with task(9,207) = 4.61p<.01, A" = .03] showed that frontal power was
lower during duatasking, significantly so at 750 ms pasimulus, when it peaked during the single
task (Fig. 4.9, left)The interaction of time arstimuluswas also significarji-(9,207) = 3.78p<.05,

he® = 003, which showed that frontal power wgseater when the stimulus was a target. This

difference was greatest (and significant) betweer9@Dms post stimulusnset (Fig. 4.9, right)
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Notably, the main effect of EF load was significaal],23) = 5.78p<.05, hs? = .009; frontalalpha/

low beta power was lower when EF load was high, suggesting that WM resourcing was compromisec

in the high EF condition. The interaction between EF load and time was not significant, however.
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Figure 4.9. Frontal alpha/lovw-beta power over time. Left panel: Frontal power was lower in the
dual-task condition (significant difference occurred at 750 ms post stimulus onset). Right panel:
Frontal power was greater for the target than standard stimuli (significant differences occurred at

750, 800, and 850 ms post stimulus onset). Error bars show standard error.
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Figure 4.10. Frontal alpha/low-beta power for both low and high EF load cownditions. Overall,
frontal alpha/low-beta was reduced in the high EF load condition, but the pairvise differences per

time point were not significant. Error bars show standard error.

Fronto-parietal Alpha Band Coherence

Magnitude Coherenc&he man effect of task was significanE(1,23) = 26.73p<.001,/¢* = .005
magnitude coherence was reducedrdpdual tasking]. The taskstimulus F(1,23) = 10.86p<.01,

he® = 003 was significant, but podtoc mean comparisoraly confirmed that coherence was
reduced during dual tasking for both stimulus tyf#gg. 4.11, left) The task x time interaction was
also significant [f(19,437) = 3.16p<.01, ¢ = .005. Magnitude coherence was lower during dual
tasking throughout the epoch, but tiegluctionseen in the single task case around-600 msdid

not occurduring dual taskingFig. 4.11, right) There were no significant effects involving EF load.
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Figure 4.11. Fronto-parietal alpha-band magnitude coherence duving single and dual tasks. Left
panel: Magnitude coherence was reduced by dual-tasking. Right panel: Significant differences
benveen task conditions occurred at all time points up to 450 ms post stimulus onset, and then at

650-750 ms, and 950-1000 ms post stimulus onset. Error bars show standard error.
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PhaseCoherenceThe main effect of time was significant [F(19,437) = 3.16, p<h@lz= .007,

phase coherence varied over the epoch]. The main effects of task [F(1,23) = 24.66,12.801,
.003 phase coherence was reduced during dual tasking] and stimulus [F(1,23) = 19.13,12.001,
= .009, phase coherence was greater for the target stimulusjalgasgnificant. The task x

stimulus interaction was also significant [F(1,23) = 9.65, p<@15= .001; the increase in phase

coherence for the target stimalover the standard) was greater during dual taglkity 4.12).
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Figure 4.12. Fronto-parietal alpha phase coherence for standard and target stimuli in single and
dual task conditions. Phase coherence was higher for target stimuli in both single and dual-task
conditions. Dual-tasking reduced phase coherence for both standard and target stimuli. Error bars

show standard error.

Visuomanual Tracking Deviation

In Chapter 2, the effects of ddalsking on tracking deviation occurred in the time period following
the P3b peak, and only in the case of target stimuli. The level of deviation was also uncorrelated with
P3b amplitude. These findings suggested thatliberged tracking deviation was due to interference

from the executive function of tallying the oddball targets that followed the identification of the
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stimulus as a target. As the present experiment manipulated the EF load associated with-the targe
tallying element of the oddball task, the first analysis of tracking deviation was carried out on theta
and rho time series that were baseline corrected at the average P3b peak (Fig. 4.13). This analys
would clarify how tracking deviation in the post P3b pdriwas affected by the EF load

manipulation.
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Figure 4.13. Rho/theta deviation over time (P3b baseline corrected). Rho/Theta deviation time
series for standard and target stimuli in the dual-task condition for low and high EF loads. Also
shown is the motor-only task time series (no oddball task). The dotted vertical line at ~420 ms

shows the latency of peak P3b.

A 2 (Task: motowonly, dual task) x 2 (Stimulus: standard, targe®) (EF load low EF load, high
EF load) x5 (Time sinceP3b peak300,600,900,1200,1500 ms) repeated measures ANOVA was
conductedFor thetathe main effect of task was significai(,46) = 3.93p<.05, h¢# = .05], as
was theinteraction between task atiche [F(8, 184) = 4.08p<.001, iz = .02, theta deviation for

target stimuli was positive, i.e., an angular lead at 300 md3tispeak, relative to the deviation for

the standard stimuli at 300 and 600 ms after the average P3b peak at 420 ms (Figheetyvas
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no effect of EF load on thetior rho,The main effect of EF load was marginally significa(tl,23)
= 4.16,p=.05, hc? = .007, Rho deviation was higher in the high EF load condifféig. 4.15). The

main effect of task was also significaR(2,46) = 7.89p<.01, hs? = .09, Rho deviation in both dual

task conditionsvas positive, i.e., participants trackedoditsi t he | ead do}lL 6s ci
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Figure 4.14. Grand average theta deviations over time (P3b baseline corrected). Theta deviation
from 720 ms to 1920 ms post stimulus onset for motor-only and dual task standard and target
trials, zero normalized using the values at the timing of the P3b peak (420 ms). Error bars show

standard error.

The above analysis considered tracking deviations in the time period following the P3b peak. The
data were therefore baselined at the average P3b peak latency (420 ms). The EF load manipulatic
in this experiment was intended to affect the cognitive ojpasthat occurred after the P3b, and
only when the stimulus was identified as a target. However, the EF load manipajgtesred to
havealso impactedomecognitive processes before the P3b peaalethe effect of EF load oR3b
amplitude in Fig. 4.4)Given this observation, it was considered that there may have been tracking
deviations that occurred prior to the P3b that could have been affected by the EF load manipulation

To investigate this possibilityy second analysis oha and theta was conded with the @viation
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time series baseline corrected by calculating the mean of the deviation values indtieydce
window for each condition and removittgs mean from each sample throughout the relevant epoch
(Fig. 4.16) Theseime series werdividedinto 100 ms bins, from time zero (stimulus onset) to 500
ms, and the means calculated within each bin, for each condition/stimuBigsti#nulus motor
only, dual taskstandard, dual task taryet 2 (EF load low, high) x 5 time window 0-100, 100

200, 206300, 306400, 400500)repeated measures ANOVA wien carried out

2.5

15

Low EF

1 4 High EF

Rho deviation (pixels)

0.5

J

Motor-only Dual-task Standard Dual-task Target

Figure 4.15. Mean rho deviations for motor-only, dual-task standard and target trials for low and
high EF load conditions. Rho deviated positively for both dual-task stimuli (relative to no deviation
in the motor-only trials). Overall, vho deviation was greater under high EF load. Error bars show

standard ervor.
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Figure 4.16. Rho/theta deviation time series (pre-stimulus baseline-corrected). Blue-shaded area

shows period of analysis (between 0 and 500 ms).

For theta, no significant effectgere found. For rho, a significant main effect of time was found
(F(4,92) =11.45, p=.001, he” = .03); Rho values were more negative in timee periods 400 and 500

ms post stimulus onset than the preceding time pefiigs4.17) The 400 and 500 ms perwdlso

differed from each other but note that the interaction between stimulus and time wigmificant.
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Figure 4.17. Rho deviations over time (pre-P3b period). Although there was no significant

interaction between task and time, the main effect of time suggests an overall dowmvard trend in

rho in the 300-400 and 400-500 time periods.

Effects of Oddball Task Performance on Spectral Power over Primary Motor Cortex

To investigatahe effects of oddball task processing on the spectral dynamics of the motor system,
separately for alpha artaketa power bands, 2 (hemisphere:H, RH) x 9 (task:low EF loadsingle
standardJow EF loadsingletarget,low EF loaddualstandard)ow EF loadduattarget,high EF

load singlestandard high EF loadsingletarget,high EF loadduatstandardhigh EF loadduat

target andmotoronly) repeated measures ANOV#as conductedising absolute power as the

dependent measure
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Figure 4.18. Alpha and betaand power over left and right motor cortex durisiggletask (ST),
duattask (DT) and motor onlgonditions for standard and target stimuli. Power was redu
(indicating desynchronization) when the motor task was performed in théadlatonditions. The
numerical trend was for lower power (greater desynchronization) in the left motor cortexoftire

task was performed by the right hand.

The main effect of condition was significam(8,184) = 8.92p<.01, As? = .06; alpha power was
lower during the dual task conditions]. The main effect or interagtiiving hemisphee was not
significant, but Fig. 4.18 suggestsiamerical trend of lower alpha power in the LH during dual
tasking.The results were identical in the beta band. The main effect of condition was significant
[F(8,184) = 13.48p<.001,hc’ = .11; betapower was lower dimg the dual task conditionshgain,

the main effect or interactionvolving hemisphere was not significant, pas for the alphéiand,

there was aumerical trend of lowebetapower in the LH during dual tasking.

In case any power differences occurred over shorter durations aatbtbecould not be detected
over the wholetrial period, spectral powemwas also analysedver left primary motor cortex
(contralateral to the moving hand) using é&ask: motoronly, low EF loaddualstandard|jow EF
load duattarget high EF load dakstandard, high EF load durge) x 6 (time: 6200, 206400,

400600, 606800, 8001000, and 100Q00 ms) repeated measures ANOVIFe main effect of
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time was significantf(5,115) = 5.38p<.01, 4% = .03]. The interaction between time and condition
wasalso significant [F(20,460) = 4.25p<.001, /c® = .04; alpha power was lower during the dual

task conditions Posthoc analysis showed that alpha power dipped in theés®00ms post stimulus

onset tine window for the target stimuli (Fig. 4.19)
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Figure 4.19. Alpha-band power over left motor cortex (electrode DI19) for standard and target

trials under low and high EF load across 6 time points following stimulus onset.

Theresults had a similar pattern in the beta band. The main effect of time was signH{&aht $)
= 6.21, p<.001, A&z = .01]. The interaction between time and condition was also significant

[F(20,460) =1.68 p<.05, /ic? = .00

Discussion

The main aim othe current experiment was to assessditipact of an increased tallypdating load
and how, if at all, this modulated the CMi patterns observed in the first experiment. More specifically,
the introduced load aimed to target the interference pattern or patformance when participants

were updating the target count.
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The experiment reported in Chapter 3 showed that performing the tracking task concurrently reducec
attentional resourcing of the oddball task but interference from the oddball task diguibine
tracking deviations during the time period o
deviation was prominent | ater in the oddbal/l
This pattern of interference suggested thatas the EF load involved in oddball target tallying that
disrupted the tracking task. The purpose of the present experiment was to manipulate the tallying
taskdéds EF |l oad by making it an informatieon r
load of the attentional element constant. Assuming the manipulation succeeded in selectively
affecting EF load, the expectation was of greater tracking deviation at higher EF load, but no change
in the unresponsiveness of tracking deviation to the aiteitelement occurring earlier in the trial.

It was also considered possible that participants would strategically distribute the imposed EF load
by pre-emptively reserving processing resources, ontywaiting until they detected a target to
perform the subtraction task but begiimgit earlierin anticipation of detecting a target. In this case,

it wasexpectedhate f f ect s of the EF | oad mani pul(ad.,i on

in P2 or P3b amplitude) would be observed

The resultsshowed that the accuracy of target identification was unaffected by dual tasking or EF
load. There was numerical trend towards lower accuracy during dual tasking suggesting the
expected pressure on processing resources due to dual tasking. The EFripadhtion did not

affect the difficulty of identifying the target, but it did seek to manipulate the difficulty of accurately
tallying and reporting the number of targets over the course of a block of Thalssult suggests

that the EF load manipulato n di d not <change the participan
This meant that there would need to be other indicators of the EF load manipulations having beer
effective. It also meant that other differences between the EF load conditionscbbé&attributed

to differences in performing target detection and tallying tasks accurately.

On the ERP measures of oddball tatment resourcing, the eapgrceptuatomponent P1 was
only affected by the difference in contrast betwinertarget andtandard oddball stimuli. It was not

expected to be affected by dual tasking (it was not in ChapteEd- load, both of which taxed later
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processeslhis supports the argument that P1 is primarily sensitive to the physical features of a task,
and is usally not demonstrated to be modulateddiientional modulations introduced dvat

tasking Capizzi et al 2013; Gherri & Eimer, 20)0P2 amplitude indicated the resourcing of
templatematching it was reduced during dual tasking (as in Chapter 3). ¢t ned affected by EF

load. As the EF load manipulation targeted processes occurring after the P3b, the absence of ar
effectsofiint he ti meframe of P1 and P2 suggests th
perceptual and templateatchingelements were not subject to strategisourcingadjustments in
anticipation of a target being detected. However, higher EF load did reduce P3b amplitude to targe
stimuli, suggesting that loading up the task element following target detection redwedingsof

the responseelevance acknowledgement process signified by P3b amplitude. The absence of such
anticipatory effects on P1 and P2, but its presence on P3b suggests that particpasttengage

in precalculating the updated tally througholi¢ ttrial timeline, but they may hae@gaged in some
resource reservatidnom around the time of P3b peak in anticipation of the stimulus turning out to

be a targefand requiring a higher EF load tallypdating proce$s

Time-frequancy analyses of EEG data enabled studying the effects of dual tasking and EF load
manipulation on the cognitive resourcing of target identification (parietal -biphd
desynchronization) and pastentification working memory load (frontal alph&ta
syndironisation) As in Chapter 3, dual tasking reduced parietal alpha desynchronization (i.e., power
remained higher), particularly for the target stimul@dditionally, there was an indication that
higher EF load resulted in a greater loss of desynchramizdtie to dual tasking. In the case of
frontal alphdow-beta synchronisation, as in Chapter 3, power was greater for the target stimulus,
indicating the engagement of frontal WM mechanisms involved in updating the target count. Unlike
in Chapter 3, duahsking attenuated frontal alpbata synchronisation. An increase in frontal alpha
beta power under dual tasking has been observed in imaging studagndfvemotor dualtask
interferencgDoi et al, 2013 Holtzer et al 2011, Leone et al.2017 Meester et a).2014 as well

as in Chapter.3Here, the interaction between task and stimulus type was not significant, so it could
not be claimed that the unexpected power attenuation due to dual tasking was reserved for targe

stimuli. It appearghat theEF load manipulation changed the way participants allocateling
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memoryresources in the pe®3b periodlt is notable that the high EF load condition also attenuated
frontal alphabeta synchronisation artbis reduction did not interact witime andstimulus type.
Thus, one effect ofintroducing theEF load manipulationwhich increased the importance of the
arithmetic involved in updating the target tally, appearbaee beero reduce working memory

resource allocation in the peR8b period.

Finally on timefrequency measures)d EF load manipulation in this experiment did not affect the
strength of the frontparietal network, even as dual taskattenuated both magnitude and phase
coherence, as found in Chapter 3. This was as expectediagdtat the frontgarietal coherence
measures relate more closely to the process of identifying the target than to the actions taken pos
identification(Kwon et al., 2015)EF load was also found not to have affected the power over motor
cortex, whichsuggests that the resourcing of motor processes was not modulated by changing the EJ

load of the targetally updating process.

This leaves consideration of the effects of manipulating EF load on performance in the tracking task.
Chapter 3 showed that itas the targetally updating process, rather than the preceding perceptual
and attentional elements, that coincided wlighiations in the tracking trajectory. The large positive
deviation in theta (indicating the controlled dot went ahead of the leath detms of angular
position) in the posP3b period was again observed here, but its magnitude was not affected by
changing concurrent EF load. The pattern of deviation in rho, on the other hand, did show sensitivity
to changingtheEF load wherebythec ont r ol | ed dot radially exten
trajectory by a greater amount under high EF load. There was also a general tendency for a negativ
rho deviation (falling inside the | eagdeakdot 6
although this effect was not specific with respect to stimulus, task or EF load manipulations. The
unresponsiveness of theta deviation to the EF load manipulation suggests that it may not be tied t
specificoperations involved in thEF task. It mg be a more general phase advancing action to
compensate for the resource draw of having to perform an EF task after identifying a target. The EF
loadsensitive rho deviation is consistent with reduced direction change (centripetal acceleration)

leading tostraying outside the circle, and more so under high EF load. This does suggest that
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increasing the resources needed for the EF task reduces resourcing of the tracking task. In this respe

the indication provided by Chapter 3 is supported by this cliagter d at a .
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Chapter 5: Experiment 3. The effects of increasing stimulus
differentiation  difficulty on concurrent  sensorimotor

coordination

Introduction

The experiments presented in Chapters 3 and 4 showed that performing the tracking task concurrent|
had a negative impact on the resourcineg000f t
ms period post stimulusnset. The impact of performiriige oddball task on tracking deviation was
evident later in the post P3b peak period (i.e., beyond 400 ms post stonskty when oddball task
performance had moved out of the attentional phase of identifying the target and into the EF of
updating the tayet tally. In both these demonstrations of temporally asymmetric interference, the
target identificationtask remained the sameThe standard and target stimuli were easily
differentiated and the load associated with matching the current stimulusettirget held in WM

was very low.How the observedinterference pattereould be affected bya challengingtarget

differentiation and templataatchingload remained unclear.

The aim of the present experiment wasincrease the load involved in targeemtfication by
increasng the physical similarity betwedhe standard and target stimiWhen the standard and
target stimuli are more similathetargeb s f e at u r beklin Wk é dinent gmineodetail

and the process by whistimuli are diferentiatel becomes more resourggensive(Fedota, 2012)

If the tracking task competes for these resources, the harder discrimination task could negatively
impact the tracking task during the templatatching and responselevance judgment phases (~

200-400 ms post stimulugnset) of the oddball task.

In order toincrease the standatdrget discrimination difficultyit was necessary to increase the
complexity of the stimuliTo achieve thisgabor patches in which the spatial frequency differed
between standard and target stinmire usedThe difference in spatial frequency was smaller in
the high load condition. This changkso increasethe perceptual load of the oddball task compared
to Chapéers 3 and 4As such, the implementation of gabor patches stressed both hgitom
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processing (the stimuli are of a finer grained resolution), andld@m processes (the template
matching process becomes more demandifigis increase in perceptual loagalincreased the

possibility of earlier interference with the tracking task than was observed in Chapters 3 and 4.

The increase in similarity betweehe standard and target stimulas expected to modulate the
electrophysiologicacomponents associatedtkvithe oddball taskThough no differences were
expected for P1 (given thiegh degree ophysicalsimilarity between stimuli), modulations &2

and P3b were predictetiVvhen the attentional resource demands of the task are increased, P3b
amplitude decreas (Polich, 1987; 2007; Kok, 200B3b has also been found to be attenuated to
target stimuli if they are more physically similar to standard stimuli (Fedota, 20t2)dball task
accuracyis foundto be sensitive to the increase in difficulfg.g. a decline irtarget count
performancevas observedthen anyeffects oreither tracking or the cognitivask elementg/ould

be hard to interpreaismodulationsof electrophysiological componentsuld be due to differences

in the rate of targenisidentification @itherfailing to detect a target dalsely idantifying a standard

as a target)

It was hypothesized that concurrent performance of the trackingvtadkl attenuate P2, B3and
parietal alpha desynchronizatioand that this attenuatiomould be greater in the higher load
condition if the taxed resources are shaidéavas unclear whether P1 would be modulated by dual
tasking butif this wasobservedit would demonstrate that the perceptual process was also subject
to resourcesharing with the tracking task.lt was predicted that frontal alphaflebeta
synchronization would increasl@ring duatasking, but that this increase would not interact with the
level of difficulty (as it occurs in the pe§t3b time period, once a target hasrbielentified) It was

also hypothesizethat coherence in the fronparietal networkwould be attenuated during dual

tasking,and thathis attenuation would bgreaterin the high load condition.

On the effects of the oddball task onrguit trackingmeasures, the key interest was in observing
whether tracking deviations would appeadluring oddball task elements prior teargetcount
updating Tracking deviations were still expected in the post taidgattification tallying phase

(beyond ~400 ms), bunly in the case of target stimuli. Athugh the load manipulatiomas not
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intended to stredhie targetcount updating process, it remained to be seen whether changes to the

difficulty in identifying targets modulated tracking deviation at a later tipiatp

Methods

The methods described hane specific to this chaptdfor a detailed description of EEG and pursuit
tracking data acquisition, dependent measures and analyses, and progedasesefer b the

general methods described in Chapter 2

Participants

The participants werg2 self-reportedly righthanded adult§13 males; mean age 24.6 SD=3.1,
range20-34), with normal or corrected to normal vision, no current prescribed medication, and no
history of sensorimotor or cognitive deficits. They were recruited through a research participation
scheme, and compensated with research credits. The participantefgemed consent before the
session, and were fully debriefed following data collectitthical approval for the research reported

in this paper was granted by the Nottingham Trent University College of Business, Law and Social

Sciences Research Ethicsmittee.

Tasks

The prticipants first completed the motor configuration task described in the general methods
chapter. Following the selection of an appropriadéeking speed, participants then perforntieel

visual oddball task (high and low discriminatitbad conditios blocked separately), thecking

task, and the dual task (highdalow discrimination load blockeseparately), in a counterbalanced

order.
Pilot Experiment

Prior to data collectiona pilot study was conductedd determine the spatiateflquencies of the
standard and target stimuli to be used in the visual oddball Eégikt participantsvere asked to
completeoneblock of trials containing either 8, 10, or 12 target stimuli,fiee separate oddball
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tasks in which the spatial frequeesiof the target stimuli differed across each task. Standard stimuli
consistently had a spatial frequency of 10 cycles over a diameter of 200 pixels, vinetaaed s
spatial frequencghanged in each task (11, 12, 13, 14 and 15 cycles). The task was to report the
number of targets detected at the end of each block via a keypress. Aozasmoyeasuretyy
considering the number of correct blocks across all participants for each tangkistype. A block

was recorded as correct if the number of targets presented within a block matched with the
parti ci pa mMargets prasentng spatial frequencies of 11 and 12 were disregarded, given a
performance of near 100%, as these werssidered too easylt wasconcluded that target stimuli

with spatial frequencies of 25% accuracyand 15(75% accuracy)would serve as high and low

discrimination load targets, respectively

Oddball Task

The patrticipants fixated at the centre of Hueeen while a sequence @fcular gratings(r = 100

pixels orientation = 330 degreeasith a Gaussian maskere presented, centred on the fixation cross
The oddball task presented two stimutliscrimination load conditions. In the low load condition,

the spatial frequemesof the presented standard and target gratings were more distinct, with standard
stimuli having a spatial frequency of 10 cycles over the defined diameter, and target stimuli having
a spatial frequency of 15 cyclesear the diameterln the high load condition, standard and target
stimuli weremore similar inspatial frequencywith standard stimuli having 10 cycles, and target
stimuli having 13 cyclesover the defined diametérhese stimuli were presented for 200 ms, with

an IS| of 2500+/- 100ms. The ratio of target to standard stimuli was 1:4, and there were at most 12
targets presented in each block (the number of trials per block varied between 40 @hdréG)ere

5 blocks of trials inboth thelow and high discrimination loadonditions. At the end of each block,
participants were asked to enter thanber of targets detecteth a keypress. This respmwas

logged, as wertheir EEGdata

Dual Task

The participants péormed the visual oddball task (bdthw andhigh discriminatiodoad variantys

while also performing the tracking tadkive blocks of each variant wepeesentedEach block of
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trials started with the leading and controlled dots in an overlapping gosis the leading dot
started moving, and the oddball task got wund
overlap between the dots while performing the oddball task. The coordinates of the controlled and

leading dots, theeportedtargetcount and the EEG data were recorded

Statistical Analysis

Statistical analysis for all measures were based on tests from the general liner model framework
Below | detail which tests were used for each measure in order to examine the effectsaskihggl

on singletask performancand the influence of the load ®mplate matching

Oddball target detection accuracin order to test the effects of detakkingand the loading of the
updating operatiolon the oddball task on a behavioural levelgpeated measures ANOVA with

task (single, dual) and load (low, high) as factors was used. Htaskihg was to impede oddball

task performance, then a reduction in accuracy would be observed. It was also possible that the highe
load condition would @uce accuracy in the oddball task, asdifferentiating of target and standard
stimuli became much more demanding. It was possible that participants would misinterpret a

stimulus and thus arrive at an incorrect count.

ERP componentl, P2, and P3b EREmponent amplitudes were compareing a repeated
measures ANOVA with task (single, dual), stimulus (standard, target) and load (high, low) as factors.
If P1 amplitude was to be reduced in dtek conditions, then it would be inferred that pursuit
tracking attenuated low level visual processing. It was also possible that the loadingenfpege
matching processould modulate P1 amplitudgiventhat the stimuli present fingrained physical
propertieslf P2 was to be reduced during daasking,then it was inferred that attentional resources
dedicated to categorising a stimulus was reduced. Again, it was possible that the updating load woult
modulate PZasthe introduced load was specifically introduced to target the template matching
processFinally, if P3b was to be attenuated, then it was inferred that attentional resources dedicated
to response preparation was reduced. It was possible that the load manipulation introduced here cou

impact P3b amplitudethough the load was intended to strgwocesses that preceded P3b.
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Regardless, the more difficult stimulus differentiation could influence later processes, including

response preparation.

ERSP and frontparietal coherenceSo as to test the effects of daaskingandtemplate matching

load on parietal alpha power, frontal alpha/ltveta power, and the coordination of the frento
parietal network, a repeated measures ANOVA with condition (single taskfagl®l stimulus
(standard, targetjoad (high, low)and time bin (0 to 1000 ms in 2ine bins) were considered as
main factors. For parietal alpha, if the power that is typically reduced during target processing (alpha
ERD) was attenuated, then dwasking would be shown to interfere with the processing of spatial
representations in WMna the preparing of a suitable respon$be introduced load could
potentially modulate parietal alpha ERMDpugh as mentioned above, the load was introduced to
stress preceding operatiods for frontal alpha/lowbeta, if power was to be increased ia thual

task condition specifically after 500 ms following target onset, then the presence of pursuit tracking
would be shown tancrease the attentional demands associated with updating the targetAsount.
for the effects of the introduced load, it wasgible that the more difficult stimulus discrimination
could result in ambiguity (confusion as to whether the stimulus was a target.dksstich, it was
possible that the template matching load could impact WM operafarally, for fronteparietal
coherence, if duaiasking was shown to reduce alpha coherence magnitude or phase, then the fronto
parietal network set up to maintain the performance of the oddball task would be hiticense.

also possible that the more demanding variatii@femplag matching operatiotouldsignificantly
modulate the behaviour of the fromarietal networkas successful performance in the oddball task

becomes more difficult.

Pursuittracking: Pursuit tracking measureare reported in polar coordinatés two separate
analyses. The first analysis baselines the tracking timeseries at the timing of the P3b peak, wheree
the second analysis using a-{stenulus baselineA repeated measures ANOVA with task (single,
dual, motoronly), load (high, low)and tme bin 00, 600, 900, 1200, 1500 ms post P8breused

in order to compare rho and theta tracking deviations in single taskiagialand moteonly

conditionsunder different loads in the first analysis. For the second analysis, the factors remain th
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same, however with 5 time bins (from 0 to 500 ms in 100 ms.biRBY and theta allow for the
analysis of radial and angular deviations at specific-pimiats throughout the processing of oddball
task stimuli. If theta was to assume a negative valaecattain time point, then the controlled dot
could be considered to be lagging behind the leading dot, whereas a negative rho value would indicat
that the controlled dot was positioned inside the trajectory set by the controlled dot. If values were
to be positive in theta, then the controlled dot would be positioned further ahead than the leading dot.
and a positive rho value would indicate that the controlled db¢xiznded beyond the boundary set

by the leading dotThe timing of such deviations wallbe informative as to the contributing
cognitive operation in the decline in motor performattogas possible that the harder variant of the
task (more similar standards and targets) would introduce greater tracking deficits, particularly
around the tinmg of P2, when a presented stimulus is being compared to the representation of a

target.

Modulations in motor cortex activityt was expected that performing a motor task would reduce
alpha and beta power over the left motor cortex (indicative of tledviement of the primary motor
cortex in the coordination of positioning the controlled dot). A repeated measures ANOVA with
hemisphere (left, rightJoad (high, low)and task (moteonly, single task standard and target, dual
task standard and target)fastors was used with alpha and beta power as the dependent measure
(performed separately for each). If either alpha or beta ERD was to be reduced in ttasidual
condition relative to the motanly condition, then it would be demonstrated that the ggees
involved in the oddball task interfere with activations of the motor colftepha or beta ERD was

to be modulated by thiemplate matchindpad, then it would be demonstratddht motor cortex
activation during pursuit tracking is hindered by fiiecess of differentiating target from standard

stimuli.

Results

Oddball Detection Accuracy

To test the effects of dutdsking andstimulusdiscriminationload on target detection accuracy, a 2

(Task: single, dual) x d(scriminationioad: high, lowyepeated measures ANOMAas used. There
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was a significant main effect of tafk(1, 22) = 12.18, p<.01, hg?= .031), in that performance was

lower during duatasking.
Event-related Potentials

Standards Targets

3 1-15Hz

2| Average Reference

2 o
Py
Pl 3o
£,
<
. e Single Task Low Load
e we Single Task High Load
- 5 : : 5 5 2 2 e - SRRELLLY Dual Task Low Load
50 0 50 100 150 200 250 50 0 50 100 150 200 250
;i : +=2»: Dual Task High Load
v} 1-15Hz
Average Reference W
53| V)
P2 %, u
=
:
<0 i
1t
<.n ;) K‘n ltAII I;n .‘;nl ,‘;0 300 .50 0 50 100 150 200 250 300
4— 4
1-15Hz
_ i 'Ave(age Reference
Zal 2t
z
P3b 21} It
&l £ N IS WG
=
<

0 100 200 300 40 500 600 700 0 100 200 300 400 500 60 700
Time (ms) Time (ms)

Figure 5.1. P1, P2 and P3b ERP component waveforms both standard (left) and target (vight)
stimuli in single and dual task under low and high discrimination load conditions. Waveforms are
average referenced and show 1-15 H= (for display purposes). Also shown are grand average scalp
topographies for each ERP component. Dual-task effects were found for Pl (Pl amplitude for
standard stimuli was lower than in the single task condition). P3b, but not P2, amplitude was

lowered by dual-tasking. P2 and P3b for target stimuli were attenuated under high discrimination

load.
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The effects of dualasking andstimulus discriminationoad on the amplitude of P1, P2 and P3b
component waveforms were analysed using a 2 (Stimulus: standard, target) x 2 (Task: single, dual

x 2 (Discriminationload: high, low) repeated measures ANOVA.

P1: The main effect of stimulus was significgf(1,22) = 13.86, p<.01,hs?= .012); P1 amplitude
was higherfor the target stimulithere was more consgalteration in thearget Gabor patch,
relative to the standard stimulThe interaction between task and stimulus was also significant
(F(1,22) = 8.44, p<.01,hc?= .004), where in the duahsk conlition, P1 amplitude was lower fiire

standard stimuli relative to the single task condition

P2: The main effect of stimulus=(1,22)=17.93p<.01, hc? = .02) was significant, where target
stimuli producedigher P2 amplitude than standard stimuli. There was also a significant main effect
of discrimination load F(1,22) = 23.43,p<.05, he’= .008. There was also a significant
discrimination load by stimulus interactidf({,22) = 5.43p<.05,hs?= .002), in which P2 amplitude

wasattenuatedor the target stimuli in the high discrimination load condition.

P3b: The main effects of taskf(1,22) = 7.78p<.05,hc? = .02); P3b was attenuated during dual
task trials)], discrimination load f(1,22) = 20.13p<.05, hg? = .007); P3b was attenuated in the
high load condition] and stimulusH(1,22) = 16.87p<.01, hg? = .08); P3b was higher for target
relative to standard stimuli] were significant. A significant task by stimulus interactionls@s a
observedR(1,22) = 5.23p<.05,hs? = .004). P3b amplitude increaséeks steeply from standard to
target when performing the dual task. Finally, a stimulus by discrimination load interaction was
observed (1,22)=7.02p<.05,hs? = .002), where P8 amplitude for target stimuli veaattemated

in the highrelative to the low load condition
Event-related Spectral Perturbations and Fronteparietal Coherence

Experimental effects on parietal and frontal alpha band power, and -frarigial alphéband
ampitude and phase coherence were analysed using a 2 (Task: single, dual) x 2 (Stimulus: standar

target) x 2(Stimulus differentiatiodoad: low, high) x 20 (time) repeated measures ANOVA. Time
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bins were of 50 ms duration and spannekd00 ms post stimutuonset. Frontal alpHaand power

was analysed over the 58000 ms time perigdn 10 time bins
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Figure 5.2. Time-frequency plots and derived low beta time series from frontal (top) and alpha
band time series from parietal (bottom) for target stimuli in single (left) and dual (right) task
conditions under low and high discrimination loads). Dual-tasking increased ERS for target
stimuli. ERS was greater for the high discrimination load condition (high load) relative to the low
load condition at 950 ms following stimulus onset. Target stimuli in the dual-tasking condition

produced lower levels of parietal alpha ERD between 400 and 550 ms post stimulus onset.

Parietal Alpha Band Power
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The main effect of time was significaf((9,418=10.91,p<.001,hc?>= .05), as were the interactions
task by time F(19,418=4.05 p<.01,hg?*= .008), stimulus by timeR(19,418=22.06 p<.001,hg?
= .03), and the3 way interaction between task, stimulus, and tiF@4,418=4.51, p<.00L, hc? =
.003). Only for the target stimuli in the dual task, wiagrea reduction in alpha ERD. This was

between 400 and5® ms post stimulusnset. There were no effects of target discriminadtad.
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Figure 5.3. Parietal alpha band power showing ERD reduction due to dual-tasking between 400-

550 ms post stimulus onset. Error bars show standard error.

Frontal Alphdlow-betaBand Power

The main effect of time was significaf((9,418=10.92, p<.001,hs? = .02), as wasthe main effect
of task (F(1,22)=6.59, p<.05, he? = .03) and stimulus F(1,22)=12.2,p<.001,hc?> =001). The
significant interactionsobservedwere stimulus by time E(9,198=7.74 p<.001, hs? = .01), and
discrimination loady time(F(9,198=4.00, p<.005, hg?=.001). In the stimulus by time interaction,
significant differences between standard and target trials occurred bé&ia@emd700 ms post
stimulusonset, where frontal alpha power wgeaterfor target trials than standard trial&n

interaction betweestimulusdiscrimination loadgnd timeshowedhat frontal alphdow-betapower
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was similar for bothhigh and low loadconditiors, however stimuli in the high load condition
displayeda slightly delayed response (peaked around 5Qates than stimuli in the low load

condition.
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Figure 5.4. Frontal alpha/low-beta power for high and low discrimination load conditions between
550 - 1000 ms post stimulus onset. Both high and low loads present a similar pattern, with stimuli

in the high load condition presenting a slightly delayed response. Evror bars show standard ervor.
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Figure 5.5. Frontal alpha/low-beta power for standard and target trials over time. Target

stimuli generated lower ERS between 550-700 ms post stimulus onset. Error bars show

standard error.

Fronto-parietal Alpha Band Coherence Magnitude Coherence

The main effect of time was significari(,22)=.58, p<.01,hc? = .009), as were the interactions

task by time [F(19,418=3.56 p<.05,hs? = .003) andstimulus by time F(19,418=3.84 p<.01,hg?

=.002. Significant differences between single and dual task trials were observed in the time window

150250 ms post stimulus onset, whdrento-parietal alpha magnitudeoherence was reduced

during dualtasking.There were no differenceslated tostimulusdiscrimination load.
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Figure 5.6. Fronto-parietal alpha-band magnitude coherence for single and dual task trials over
time. Coherence in dual-task trials was significantly lower than single task trials in the 150-250 ms

time window. Error bars show standard error.

Phase Coherence

The main effect of time was significarit((9,418=3.66, p<.01,hs? = .007), as were the interactions
task by time [F(19,418=3.51, p<.01, hc?=.002) and stimulus by timeR(19,418=2.45,p<.05,hs?
= .003. Frontoeparietal alpha phase lterence was reduced during dual taskingngthel50-200

mswindow following stimulus onsef here were no effects stimulusdiscrimination load.
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