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Abstract

Maintaining focus on one task over long periods is known as sustained attention,
which supports higher order cognition such as learning. Suboptimal sustained
attention is characterised by poor task performance, response variability, and task
disengagement. Cortical and subcortical mechanisms of arousal and cognitive
control modulate moment-to-moment changes in sustained attention. This the-
sis investigates the relationships between baseline markers of sustained attention,
including behaviour, pupil dynamics, and cortical markers, during low and high
demand. Furthermore, I test their utility in the context of transcranial random
noise stimulation (tRNS) as a way to predict sustained attention benefits in young
adults. My first results from a secondary analysis using a continuous sustained
attention task with tRNS, indicated that high baseline response variability was
the better predictor of performance gains from tRNS, compared to sham tRNS.
Next, in a series of online and lab-based experiments, I investigated changes in
performance and thought experiences. Using an airplane monitoring paradigm with
and without distractors, I also examined pupillary correlates of task conditions and
performance. The results indicated that distractors impacted accuracy negatively
but facilitated stable responses. Pupil dilation was observed during increased task
load, decreased performance, and greater perceived task-focus compared to mind-
wandering (MW) in line with predictions of increased arousal. Finally, a tRNS,
electroencephalography, and eye-tracking experiment suggested an overall benefit
of tRNS on sustained attention during a monotonous task. In addition, participants
with low baseline accuracy were predicted to benefit the most, independent of task
demands. Pupil size indicated arousal-related differences between MW and task-
focus, as well as between response variability during low and high task demand.
This work contributes insights into the relationship between sustained attention,
MW, arousal, and performance improvements during tRNS. Moreover, it uses
this knowledge to highlight the importance of behavioural markers to predict the
attentional benefits from tRNS.
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1
General Introduction

1.1 Thesis Statement

The ability to maintain attention on a chosen stimulus or task is called sustained

attention (Ballard, 1996; Esterman & Rothlein, 2019) and is relevant in context

of learning and education (K. Godwin & Fisher, 2014; Steinmayr et al., 2010),

reading comprehension (Macdonald et al., 2021), memory (deBettencourt et al.,

2018), driving performance (Mackenzie & Harris, 2017), and the safety in operator

environments (Rees et al., 2017). On a path to improving sustained attention, I am

attempting to address several questions that can answer whether brain stimulation,

specifically transcranial random noise stimulation (tRNS), is a useful intervention

tool and which mechanisms of sustained attention can moderate its efficacy.

1.2 Introduction to Sustained Attention and Vig-
ilance

Sustained attention is defined as the cognitive process by which task focus is

maintained over long periods of time (Ballard, 1996; Esterman & Rothlein, 2019;

Langner & Eickhoff, 2013; Parasuraman et al., 1989). Thus, task performance is

kept accurate and constant, and distractions and thoughts unrelated to the task
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1. General Introduction

are avoided (Esterman & Rothlein, 2019). Sustained attention is a key mechanism

required for higher order cognition such as memory and learning (deBettencourt

et al., 2018; K. Godwin & Fisher, 2014; Macdonald et al., 2021; Steinmayr et al.,

2010). Vigilance is often used as a synonym for sustained attention and describes

the ability to maintain alertness to the environment in general, not bound to a

specific task or stimulus (J. F. Mackworth, 1964; N. H. Mackworth, 1948; Schie

et al., 2021). Therefore, vigilance is the underlying process that is required when

sustained attention is paid to a specific task. It allows to monitor the environment

to which attention is directed at the time, and to observe any changes that are

relevant to the task goal.

Sustained attention processes are disrupted, for example, in patients with At-

tention Deficit Hyperactivity Disorder (ADHD). Individuals diagnosed with this

neurodevelopmental disorder exhibit symptoms of inattention, hyperactivity, and

impulsivity during childhood, which can persist into adulthood (Kessler et al.,

2005). The experienced disruptions in maintaining focus present in ADHD are one

reason why a great part of the sustained attention literature focuses on performance

difficulties and symptomology of ADHD (Johnson et al., 2007; Kessler et al., 2005;

Shen et al., 2011).

Early on, Mackworth’s work on vigilance decrement was influential in under-

standing how humans sustain attention over time. He developed the Mackworth

clock test to assess rapid infrequent target detection and was specifically interested

in the deterioration of performance over time which was coined the vigilance

decrement (J. F. Mackworth, 1964). This decrement was believed to originate from

a failure to suppress neural noise due to the reduction of arousal over time (J. F.

Mackworth, 1964). Molloy and Parasuraman first studied the vigilance decrement

in tasks with different complexity which suggested that vigilance performance

deteriorated in simple and multicomplex tasks more than in a single complex task

(Molloy & Parasuraman, 1996).

2



1. General Introduction

1.3 Sustained Attention Assessments

A range of assessments have shaped the sustained attention literature (Broadbent,

1953; Hasenkamp et al., 2012; Raposo et al., 2023; e.g. Strayer et al., 2023). One of

the earliest and most prominent tasks is the Continuous Performance Test (CPT),

which requires the participant to respond to targets within a continuous series of

simple stimuli, such as single numbers or letters (Rosvold et al., 1956). The CPT

was introduced as an assessment of brain injuries in schizophrenia patients and

was later adopted for the research of sustained attention (Nuechterlein et al., 1983;

Nuechterlein & Dawson, 1984; Rosvold et al., 1956). Different versions have been

developed, for example extending the test to assess different modalities (Borgaro et

al., 2003; L. Shalev et al., 2011), and to reduce abrupt, stimulus-driven interference

by gradually transitioning between images (Esterman et al., 2013; O’Connell et al.,

2012). Versions of the latter, also known as gradual CPT (gradCPT) or continuous

monitoring task (CMT), are used extensively and have uncovered novel findings

about the neural and cognitive correlates of sustained attention (Fortenbaugh et

al., 2018; Harty & Cohen Kadosh, 2019; Kondo et al., 2023; Yamashita et al., 2021).

Another frequently used task is the Sustained Attention to Response Task

(SART), a Go/No-Go paradigm introduced to assess sustained attention deficits

in traumatic brain injury (I. H. Robertson et al., 1997). The original SART is

characterised by a stream of digits followed by a mask. Participants are required

to respond to all stimuli via rapid button press, except for infrequent targets,

when they should withhold their response instead (I. H. Robertson et al., 1997).

Performance on the SART is inherently more demanding than on the CPT, and

task demands within the SART can additionally be manipulated via the target

frequency (Wilson et al., 2016). One advantage over the CPT is the number

of available responses, which can be assessed on nuanced changes in speed and

accuracy (Manly et al., 1999). However, compared to the CPT, the SART is

more susceptible to response inhibition demands and impulsivity (Helton et al.,

2008). Accuracy and response times in the SART relate to everyday life cognitive

3



1. General Introduction

failures, attentional failures, symptoms and performance differences associated with

ADHD, and with genetic differences associated with sustained attention (Greene

et al., 2009; Johnson et al., 2007; Machida et al., 2019; I. H. Robertson et al., 1997;

Schepers et al., 2023; Smilek et al., 2010). The SART also showed susceptibility to

arousal-related changes during neurofeedback (O’Connell et al., 2008).

Both tasks, the CPT and SART have advantages and relate to sustained at-

tention lapses and decrements in slightly different ways. While gradual, simple

tasks are more directed to assess vigilant attention in monotonous environments

and performance fluctuations, SART performance reflects sustained attention in

more demanding environments and can be manipulated to measure different lev-

els of complexity.

Other behavioural assessments of sustained attention often include self-reported

everyday-life experience associated with inattention, other behavioural failures, or

symptoms associated with ADHD (Broadbent et al., 1982; Kessler et al., 2005).

For example, the cognitive failures questionnaire (CFQ) contains questions on per-

ception, memory, and motor function targeting states of absentmindedness, action

failures, and memory deficits (Broadbent et al., 1982). The CFQ has shown to be

reliably associated with SART performance in neurotypical and in patient groups

(Bridger et al., 2013; Schepers et al., 2023; Smilek et al., 2010). The Adult ADHD

Self-Report Scale (ASRS) is more focused on difficulties related to inattention

and hyperactivity and has been shown to predict SART task performance, mind-

wandering (MW; Gau et al. (2022); Helton et al. (2011)).

1.4 Failures in Sustained Attention and MW

Early sustained attention assessments were centred around the decline in perfor-

mance over time, measured via linear decreases in accuracy and/or linear increases

in response times during repetitive and simple tasks (Langner & Eickhoff, 2013;

J. F. Mackworth, 1964). In Luna et al. (2018), the authors disentangled the

attention decrement. The authors showed that performing a simple repetitive

4



1. General Introduction

vigilance task resulted in a decrement based on longer and more variable response

times, whereas an executive vigilance decrement (requiring to detect infrequent

targets), was due to a shift in response bias, meaning that mistakes were more

likely avoided at the expense of the overall hit rate. This might suggest that

performance measures based on accuracy represent those attention failures related

to executive task demands, whereas response fluctuations might represent changes

arising from monotony. Indeed, many studies quantify sustained attention perfor-

mance either based on correct responses, mistakes (omission or commission errors),

the sensitivity of detecting a target among noise, or based on response times and

response variability without an explicit focus on the performance decrement (Bedi

et al., 2023; Egeland et al., 2023; Fortenbaugh et al., 2018; Gallen et al., 2023;

Harty & Cohen Kadosh, 2019; N. Shalev et al., 2018; Strayer et al., 2023). In

line with O’Connell et al. (2008) lapses of attention, measured via errors were

suggested to reflect failures of cognitive control, whereas variability of response

times might be indicative of arousal changes over time. The Yerkes-Dodson Law

describes performance as an inverted-U relationship (Teigen, 1994; Yerkes & Dod-

son, 1908), where optimal stimulation leads to best performance, but too little or

too much arousal deteriorates performance (Esterman & Rothlein, 2019; Pinggal

et al., 2022), see Fig. 1.1.

Next to measures of task performance, failures in sustained attention might re-

sult in task disengagement and an increase of spontaneous task-unrelated thoughts,

also known as MW. The research has been heavily influenced by studies that

investigated the phenomenon of daydreaming since the 50’s (McMillan et al., 2013).

Daydreaming refers to the generation of internal thought and encompasses not only

the inability to focus on a task, but also positive and creative imagery, as well as

negative obsessive thoughts, and rumination. The disengagement from external

input is also referred to as perceptual decoupling which is often observed during

sustained attention task, yet has been found to be a separate process to the one

underlying attention performance (Jin et al., 2020; Unsworth & McMillan, 2014).

However, MW usually co-varies with sustained attention performance and is subject

5



1. General Introduction

Figure 1.1: Arousal and Performance. Association between arousal and attention
performance follows an inverted U-function for simple and complex tasks. Optimal
performance in simple and difficult tasks is achieved at moderate levels of arousal.
Greater arousal is required to maintain good performance in simple tasks than in harder
tasks. Figure reprinted with permission from Teigen, 1994.

to attentional control (C. A. Godwin et al., 2023; Kane et al., 2021; Seli, Cheyne,

et al., 2015; Smallwood & Schooler, 2015). Moreover, the relationship between

increased task demands and MW is still unclear, with some studies showing that

task demand affected the amount of reported MW and other findings did not

find evidence for this (Martínez-Pérez et al., 2021; Martínez-Pérez et al., 2023).

Theoretically, the interplay between sustained attention and MW over time has

been explained by arousal modulating how attention is allocated towards task-

related and task-unrelated processes, influenced by motivation and the cost of

controlling attention (Esterman & Rothlein, 2019; Thomson et al., 2015).

MW is mostly assessed via experience sampling, for example via thought probes

interrupting the task, self-caught MW, and retrospective reports (Kane et al., 2021;

Smallwood & Schooler, 2015). While for some studies, MW was distinguished

merely based on off-task or on-task thought reports (Baird et al., 2011; Schooler

et al., 2011), the importance of distinguishing between different off-task states

including MW, internal, and external distractions has been highlighted (Stawar-

czyk et al., 2011; Unsworth & McMillan, 2014). Similarly, although both induce

performance decrements, one importance for MW assessments is the distinction

between deliberate and spontaneous MW, where only the latter was related to

6



1. General Introduction

ADHD symptoms (Martínez-Pérez et al., 2021; Seli, Cheyne, et al., 2015; Seli,

Smallwood, et al., 2015).

1.5 Neural Activity and Circuitry Underlying Sus-
tained Attention

Brain activity and circuitry associated with sustained attention is concentrated

around two mechanisms, bottom-up arousal and top-down cognitive control (Es-

terman & Rothlein, 2019). Cognitive arousal is modulated by bottom-up processes

from the locus coeruleus (LC) which releases norepinephrine (NE), a neurotransmit-

ter relevant to inhibitory and excitatory processes related to the sleep-wake cycle

and environmental responsiveness. Moreover, tonic and phasic LC-NE activity has

been associated with information processing and target detection (Aston-Jones &

Cohen, 2005). Phasic impulses occur selectively following salient, relevant stimuli,

and moderate levels of tonic baseline firing are connected with focused attention

(Aston-Jones et al., 1999; Aston-Jones & Cohen, 2005). Suboptimal tonic firing

is associated with poor performance and task disengagement: lower than optimal

tonic firing facilitates inattentiveness and low alertness, while higher levels of tonic

LC activity promote behavioural flexibility (Aston-Jones et al., 1999; Aston-Jones

& Cohen, 2005).

Projections from the LC innervate frontal and parietal cortices (Alnæs et al.,

2014; Aston-Jones & Cohen, 2005; Chandler et al., 2014; Coull, 1998; Melnychuk et

al., 2021; Pinggal et al., 2022; Raz & Buhle, 2006). Right fronto-parietal cortices,

stimulated by tonic and phasic arousal input, are implied as a top-down component

of cognitive control which are involved in maintaining task performance, task

switching, and distractor suppression by increasing the signal-to-noise ratio (Cos-

man et al., 2018; Coull, 1998; Fiebelkorn & Kastner, 2020; Petersen & Posner, 2012;

Singh-Curry & Husain, 2009; Sturm & Willmes, 2001; Unsworth & Robison, 2017).

For example, sustained attention performance in different modalities has been

associated with the right prefrontal cortex (PFC), inferior parietal lobule (IPL),

7



1. General Introduction

and the supplementary motor area (Coull, 1998; Kondo et al., 2023; O’Connell et

al., 2008; Raz & Buhle, 2006; Singh-Curry & Husain, 2009).

Task positive areas, such as described here, are active when attention needs to

be sustained, and have been shown to anti-correlate with the default-mode network

(DMN) activity. High DMN activity is characteristic for states of MW and predicts

subsequent lapses of attention, but is also related to stable responses (Esterman

et al., 2013; Kucyi et al., 2016). This interplay has been hypothesised to be due

to low task demand when MW was captured (Fortenbaugh et al., 2018). MW

has also been associated with semantic areas involved in the thought-generating

process, while task performance relies more on regions dealing with increased task

demand (Jin et al., 2020).

1.6 Physiological Markers of Sustained Attention

In line with the arousal and attentional control component of sustained atten-

tion, physiological changes are measured via electroencephalography (EEG) or

pupillometry (Oken et al., 2006). The link between LC NE function and pupil

dynamics, especially pupil diameter, is well-established (Hou et al., 2005; Joshi

et al., 2016). In attention paradigms, pupil dilation has been observed to increase

together with increasing visual load in parallel to increases LC activity and parietal

areas related to object tracking (Alnæs et al., 2014; Ma et al., 2024). Pupil size

was also a predictor of performance and decreased with MW (Grandchamp et

al., 2014; Unsworth & Robison, 2016, 2018). In adults with ADHD compared to

controls, pupil size indicated lower phasic levels of arousal during a continuous

task, but greater pupil size indicated higher tonic arousal during a passive viewing

task (Shirama et al., 2020). Similar to pupil size, blink rate also predicted cognitive

load (Magliacano et al., 2020). Moreover, deliberate MW resulted in longer and

fewer blinks (Benedek et al., 2017; Walcher et al., 2017), longer blinks also occur

during MW when reading (Huette et al., 2016). It is believed that pupil dynamics

8



1. General Introduction

manipulate sensory information in moments of disengagement (Smilek et al., 2010;

Unsworth & Robison, 2018).

The literature on children with ADHD brought forward an EEG marker for

ADHD symptoms that could be used for diagnostic purposes (Monastra et al., 1999;

Saad et al., 2018). The theta/beta ratio (TBR) refers to the ratio between periodic

power in slower (theta, ~4-7.5 Hz) and in faster (beta, ~14-30 Hz) frequencies and

has since been adopted in non-clinical studies (Angelidis et al., 2016; Clarke et

al., 2019; Saad et al., 2018). Associated with underlying arousal-related cortical

changes, TBR has been proposed to represent cognitive control and processing

capacity, and was associated with sustained attention performance and MW (Harty

& Cohen Kadosh, 2019; Melnychuk et al., 2021; Van Son et al., 2019). It has been

suggested that synchronised respiratory phases, are coupled with pupillary arousal

changes from the LC-NE system and with TBR amplitude, supporting rhythmic

top-down attention function (Clayton et al., 2015; Helfrich et al., 2018; Lenartowicz

et al., 2013; Melnychuk et al., 2021; Raposo et al., 2023; Van Son et al., 2019).

Although approved by the FDA, TBR has received criticism. For example, for

the misguided use of fixed-band measures, especially in clinical samples (Saad et

al., 2018). However, another problem with the TBR estimation has been brought

forward in more recent studies. The frequency spectrum is characterised by a

downward slope, and TBR is usually calculated from the total power in the theta

and beta spectrum, hence why the ratio can be confounded by the overall slope

of the power spectrum (Donoghue et al., 2020; Finley et al., 2022). It is, however,

possible to extract this slope, which has been coined as the aperiodic exponent

(AE), or 1/f activity (Donoghue et al., 2020). After extracting the overall slope,

the TBR can be fitted on the periodic activity in theta and beta bands (e.g. Del

Bianco et al., 2024).

Comparisons of the traditional TBR measure with the AE confirm their overlap

and indicate that the AE can be more sensitive for investigating performance

and symptom differences between individuals with ADHD and controls than TBR

(Dakwar-Kawar et al., 2024; M. M. Robertson et al., 2019). The results show that
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aperiodic slopes are steeper in ADHD groups, and significantly distinguish between

the groups when TBR did not (Dakwar-Kawar et al., 2024; M. M. Robertson et al.,

2019). Evidence shows that TBR measures decrease with age. Similarly a flattening

of the slope has been observed with age, which is in line with ADHD symptoms

reducing during adulthood (Finley et al., 2022; Karalunas et al., 2022). The

relation between the aperiodic activity and ADHD symptomology can be explained

by differences in information processing associated with altered GABAergic and

glutamatergic regulation, which underlies the excitation/inhibition (E/I) balance in

the cortex (Euler et al., 2024; Ostlund et al., 2021; Van Bueren et al., 2023; Waschke

et al., 2021). Moreover, the AE was also predictive of attention performance in

a non-clinical sample and cognitive control performance in Go and No-Go tasks

(Pi et al., 2024; Waschke et al., 2021), which makes it a promising marker for

sustained attention.

1.7 Improving Sustained Attention

The most common treatment for attention difficulties present in ADHD targets the

availability of neurotransmitters via psychostimulants, such as methylphenidate,

but this can come with adverse effects and risks (Mechler et al., 2022; Peterson

et al., 2024). Non-invasive transcranial electrical brain stimulation (tES) such

as transcranial direct current (DC) or alternating current (AC) stimulation has

been a popular alternative to improving sustained attention showing mixed results

on task performance and ADHD symptoms (Clayton et al., 2019; Friehs et al.,

2021; Martínez-Pérez et al., 2023; Nawani et al., 2023; Nelson et al., 2014; Wards

et al., 2023; Westwood et al., 2023). Compared with magnetic stimulation, the

stimulation current is weak and does not generate action potentials, yet has been

shown to generate small changes in membrane potentials (Antal & Herrmann, 2016;

Van Der Groen et al., 2022).

A more recent form of tES is transcranial random noise stimulation (tRNS)

which has demonstrated its benefit for attention improvements. Sustained attention
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Figure 1.2: tRNS amplitude and frequency distribution. a. During tRNS, amplitudes
up to the specified current intensity (mA) from peak-to-peak are applied via the
electrodes, here 2 mA. b. The administered current follows a normal distribution centred
around 0 mA. c. An example montage and electric field strength over the right fronto-
parietal areas (F4 and P4 of the international 10-20 system). The weak current flows bi-
directionally between the two electrodes to increase neuronal excitability. Figure panels
a and b from Van Der Groen et al., 2022 (open-access).

performance and changes in TBR were observed after 20 minutes of online tRNS in

adults (Harty & Cohen Kadosh, 2019), reduced reported symptoms in children with

ADHD (Berger et al., 2021; Dakwar-Kawar et al., 2024), and improved attention

selectivity (N. Shalev et al., 2018). In combination with training, 25 min of tRNS

also improved orientation discrimination and temporal order judgement along with

increased connectivity in an attention network (Contò et al., 2021). Furthermore,

improvements on motion perception, response inhibition, and arithmetic problem

solving have been observed (Moret et al., 2021; Pavan et al., 2019; Sheffield et

al., 2020; Van Bueren et al., 2023). The benefit of tRNS has both been shown in

monotonous and simple tasks but also in more complex and multi-task procedures

(B. Frank et al., 2018; Lema et al., 2021).

There is evidence suggesting that tRNS improves performance more in partic-
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ipants with high TBR or steeper AE (Harty & Cohen Kadosh, 2019; Sheffield et

al., 2020; Van Bueren et al., 2023). These results suggest the promising benefit

of tRNS on attentional and perceptual processes for those individuals with lower

baseline ability.

1.7.1 The Application and Mechanism of tRNS

tES is usually administered via a headgear setup holding the stimulation electrodes

in place over the desired area on the scalp and are prepared using saline or electrode

gel to ensure connectivity (Reed & Cohen Kadosh, 2018). The difference between

tES methods is how the electrical current is administered. During DC stimulation,

the directional current flows between one excitatory (anode) and one inhibitory

(cathode) electrode. For alternating and random noise stimulation, the anode and

cathode periodically reverse allowing the current to flow bidirectionally. In AC

stimulation, the frequency range of the current is narrow with the aim to entrain

neural activity in the same rhythm and shift their phase (Paulus, 2011; Plas &

Hanslmayr, 2020). During tRNS, alternating current is applied in a wide frequency

range, see Fig 1.2. High-frequency random noise (100-640 Hz) has shown the largest

excitability increases (Laczó et al., 2014; Moret et al., 2019; Terney et al., 2008).

In contrast, tACS induces rhythmic depolarisation of neurons with the aim of al-

tering the ongoing activity patterns of underlying brain regions through frequency-

specific modulation (Antal & Herrmann, 2016; Paulus, 2011; Plas & Hanslmayr,

2020). The stimulation delivers a sinusoidal current at a defined frequency to

entrain endogenous neural oscillations—synchronising the timing of neuronal firing

with the externally applied rhythm. This mechanism allows tACS to influence

cognitive functions that are linked to specific oscillatory frequency bands, such

as theta or beta rhythms involved in attentional processes (Helfrich et al., 2018;

Plas & Hanslmayr, 2020).

The advantages of tRNS over other methods of brain stimulation are that the

bi-directional current shows less sensitivity to neurons’ orientation (Fertonani &

Miniussi, 2017; Terney et al., 2008), which might facilitate greater changes in
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Figure 1.3: Stochastic resonance describes the boosting impact of noise on a subthresh-
old signal or input (red line), such as the oscillatory activity in the brain (panel 1). The
applied weak noise, for example via tRNS (grey line), might push the signal towards
the threshold (panel 2) but the optimal dose of noise will enhance the signal to become
suprathreshold (panel 3) without masking the information by overwriting the signal with
noise (panel 4). Figure from Van Der Groen et al., 2018 (open-access).

excitability and behaviour compared to tDCS (Inukai et al., 2016; Lema et al.,

2021 ). Furthermore, it has been shown that the intervention is less noticeable

leading to better blinding and fewer side-effects for the participant (sensations are

additionally modulated by electrode size for all tES variations; Fertonani et al.

(2015)). However, montage and parameters, such as current amplitude, frequency

range, duration, and anatomical differences, all have been suggested to impact

the delivery and effectiveness of tES (Krause et al., 2013; Moret et al., 2019;

Parkin et al., 2019).

Several explanations for tRNS-related effects on cognition have been brought

forward. One possibility is that the induced change in membrane potential fa-

cilitates the opening of sodium channels and neuron depolarisation leading to

increased synaptic transmission (Antal & Herrmann, 2016; Paulus, 2011; Reed

& Cohen Kadosh, 2018).

Another theory describes the phenomenon of noise improving a subthreshold
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signal (Antal & Herrmann, 2016; Van Der Groen et al., 2022), see Fig. 1.3.

According to stochastic resonance, when the optimal amount of noise, which could

be visual or electric, is added to a weak signal, the signal strength is increased

(Van Der Groen et al., 2022).

Physiologically, neural signalling in the brain depends on excitatory and in-

hibitory changes in the membrane potential of neurons, regulated by the movement

of charged ions into and out of cells within the engaged neural networks (Van

Der Groen et al., 2022). The overall balance of these inputs determines the

excitability of the brain region involved in the current cognitive process. Applying

a weak external electrical current, such as through tRNS, can facilitate the influx

of positively charged ions (e.g., Na�), resulting in the depolarisation of cortical

neurons that are already close to their firing threshold. This increases the likelihood

of action potential generation in a state-dependent manner, enhancing activity

only in neurons that are receiving intrinsic or extrinsic stimulation. Moreover,

the intensity of the applied current is critical. It is thought that an optimal

level of noise can selectively boost the responsiveness of target neurons without

overwhelming the signal by indiscriminately increasing the firing of less relevant

neuronal populations (Van Der Groen et al., 2022).

The effects on visual discrimination and motion perception have been shown

to follow the predictions of stochastic resonance when noise is applied (Pavan et

al., 2019; Van Der Groen et al., 2018; Van Der Groen et al., 2022; Van Der Groen

& Wenderoth, 2016). When low levels of visual noise or tRNS amplitudes are

used, no benefit on task performance is apparent, which is the same when noise

levels are very high. However, at moderate ranges of visual noise and tRNS, task

performance improved in line with an inverted-U shape function (Pavan et al.,

2019; Van Der Groen & Wenderoth, 2016).
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1.8 Thesis Aim

Sustained attention has been meticulously researched. However, uncertainties

remain with regard to the differences between sustained attention markers in

context of monotonous and simple tasks compared to difficult tasks. For instance,

sustained attention is required both on a long uneventful drive, and when moni-

toring machines and attending to specific information on a busy display. There

are open questions on the association between attention performance and off-task

thoughts such as MW, and how these change with task demand. Most importantly,

not much conclusive research has been done on how this information can be used

to maximise brain stimulation outcomes. Therefore, this thesis aims to investigate

the behavioural and physiological correlates of sustained attention and examine

how sustained attention can be improved using tRNS. The experiments will test

how performance, MW, and other assessments of sustained attention relate to

one another, and to EEG and pupil markers of attention, in different sustained

attention tasks. Furthermore, I am interested in whether tRNS is a useful tool

for improving sustained attention and whether this is subject to task demands. In

addition, I am interested in individual differences in tRNS benefits and whether

attention measures predict these differences. Some of the questions that I will

be addressing are:

1. Which markers of sustained attention predict who will benefit from tRNS

(Chapter 2 and 5)?

2. How are behavioural sustained attention measures related to each other

during low and high demand search tasks (Chapter 3 and 4)?

3. How do pupillary and cortical markers represent sustained attention (Chapter

4 and 5)?

4. Can sustained attention performance and MW be improved during monotonous

and difficult sustained visual tasks (Chapter 5)?
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Abstract

Inconsistencies among research findings have made it challenging to determine

the benefits of non-invasive electrical brain stimulation on cognitive performance.

One reason for the variation in outcomes might be individual differences in prior

brain state. A previous study found that participants who profited from 1 mA

transcranial random noise stimulation (tRNS) for improved sustained attention

could be identified by a lower theta/beta ratio (TBR) at baseline (Harty & Cohen

Kadosh, 2019). In this chapter, I compared four markers of sustained attention to

find whether task performance and self-rated cognitive failures can predict brain

stimulation success similarly, or better than TBR in the same sample from Harty

& Cohen Kadosh (2019). Participants completed a continuous monitoring task

(CMT) before and during the tRNS intervention with placebo (sham), 1 mA, and

2 mA on three consecutive days.

The results demonstrated that baseline Coefficient of Variation (CoV) and Cog-

nitive Failures Questionnaire (CFQ) ratings moderated response variability during

tRNS. Participants with high baseline CoV, or CFQ scores - indicating poorer

performance - benefited the most from 1 mA tRNS compared to sham. Individuals

with high CoV also improved during 2 mA tRNS compared to sham. Classical

and cross-validated model comparisons suggested that no significant additional

proportion of the data was explained by TBR, and CoV was the best moderator

overall. Changes in resting TBR after tRNS were not explained by behavioural

attention markers.

These results suggest that behavioural proxies of sustained attention could

identify participants who profit most from brain stimulation.
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Sustained attention refers to the process of goal-directed maintenance of at-

tention on a single task over longer periods of time and is subject to moment-to-

moment fluctuations (Esterman & Rothlein, 2019; Fiebelkorn & Kastner, 2019;

Fortenbaugh et al., 2018; Helfrich et al., 2018; Raposo et al., 2023). To sustain

optimal task performance, levels of bottom-up arousal and top-down cognitive

control modulate the available attentional resources and allocate them to the

current task (Esterman & Rothlein, 2019).

2.0.1 Unravelling the Benefits of Transcranial Random Noise
Stimulation

In the past 15 years after its introduction, tRNS has become more and more popular

in the brain stimulation intervention literature (Brancucci et al., 2023). Different

to other methods of tES, during tRNS, a weak alternating electrical current in

a range of high frequencies that mimic neural white noise is applied to the scalp

(Antal & Herrmann, 2016; Fertonani & Miniussi, 2017; Harty & Cohen Kadosh,

2019; Paulus, 2011). The currents administered through tRNS are bi-directional

and tRNS shows an overall excitatory effect on neural clusters below both electrodes

(Fertonani & Miniussi, 2017; Laczó et al., 2014; Van Bueren et al., 2023).

However, the effects of tRNS, like other neurostimulation methods, may be

state- and task-dependent and therefore benefit from personalisation (Krause et

al., 2013; Lorenz et al., 2017; Lorenz et al., 2019; Van Bueren et al., 2023; Van

Der Groen & Wenderoth, 2016). It is expected that baseline ability varies not

only between healthy and clinical samples (e.g. attention difficulties in ADHD)

but also within these groups, and therefore, a one-size-fits-all approach might not

produce the optimal effects.

Furthermore, previous studies hypothesised that the mechanism of adding noise

to the brain via tRNS works according to the theory of stochastic resonance

(Fertonani & Miniussi, 2017; Van Der Groen et al., 2022). This theory describes

the improvement and deterioration of a perceived signal (e.g. a stimulus) when

different levels of noise are added. For example, when the optimal amount of noise
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is introduced, processing of the signal is facilitated, but when suboptimal noise is

added to a signal, the processing is hindered. In tRNS, optimal levels of electrical

noise may lead to increased neural activity in task-positive networks (Antal &

Herrmann, 2016; Battaglini et al., 2023; Van Der Groen & Wenderoth, 2016).

Examples of stochastic resonance in visual stimulus and motion processing in

human subjects have been brought forward, showing that global motion processing

is optimal at a medium level of surrounding distractors but performance was

significantly lower in conditions with more and less distractors (Battaglini et al.,

2023). Similarly, adding a noise mask over a Gabor patch improved the visibility of

the grating to a certain degree but worsened it when the intensity of the noise was

increased (Van Der Groen & Wenderoth, 2016). Interestingly, both studies found

the same effect of the visual noise when adding electrical noise using tRNS instead.

When adding 1 mA tRNS during the motion task, Battaglini et al. (2023) found

that optimal performance was improved when less distractors were present than in

the sham condition, but with 2 mA tRNS, there was no clear optimal distractor

numerosity for best performance. Van Der Groen & Wenderoth (2016) showed

that when stimuli were displayed at subthreshold level, discrimination improvement

during different strength tRNS was improved according to an inverted-U-function,

with the most improvement at intermediate mA of tRNS. These studies indicate

that tRNS gains are sensitive to prior brain state of participants and could be

more beneficial to those with suboptimal performance or neurophysiology before

the intervention.

Sustained attention is an ideal target for tRNS since attention networks are

modulated by underlying stochastic resonance principles. Fronto-parietal control

networks receive input from both tonic and phasic activity in the locus coeruleus

(LC), which encode the overall arousal state of the brain according to an inverted U-

shape (Aston-Jones & Cohen, 2005; Unsworth & Robison, 2017). If tonic activity is

in the optimal range, better sensitivity for goal-relevant stimuli is achieved through

increased phasic activity. However, lower and higher tonic activity lead to task

disengagament and suboptimal performance (Unsworth & Robison, 2017). Hence,
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attention cortices, such as the right prefrontal cortex (PFC) and right inferior

parietal lobule (IPL), might benefit from additional noise when the ability to

maintain alertness over long stretches of time fails (Kondo et al., 2023).

Within the attention literature, tRNS has shown improvements in cognitive per-

formance and connectivity of relevant attention networks (Contò et al., 2021; Harty

& Cohen Kadosh, 2019; Lema et al., 2021; N. Shalev et al., 2018). Specifically,

Harty & Cohen Kadosh (2019) found an improved ability to sustained attention

over 20 minutes persisting for at least 20 minutes after stimulation with 1 mA

of tRNS over the right frontal and parietal cortex. Fronto-parietal stimulation

is of interest since sustained attention recruits networks such as the dorsal top-

down visuospatial and the frontoparietal control systems enervated by the right

lateralised alerting network (Dosenbach et al., 2008; Petersen & Posner, 2012).

Moreover, Harty & Cohen Kadosh (2019) found that participants with high

theta/beta (TBR) ratio, indicating low cortical arousal showed increased perfor-

mance gains compared to participants with a more optimal cortical arousal. This

indicates that positive effects of tRNS measured in one sample could be masked

by participants who profit less or not at all. Therefore, it is important to identify

measures, such as TBR, which can easily and reliably code changes in baseline

sustained attention and serve as markers for brain stimulation success.

2.0.2 Quantifying Sustained Attention Skills

TBR, the ratio of slow and fast wave activity, has been associated with sustained

attention performance and tRNS-related gains and is often elevated in children

with attention deficit deficit disorder (ADHD) (Angelidis et al., 2016). With

slower, compared to fast, wave activity being recorded in a resting-state EEG

measurement, lower baseline excitation of the cortex is indicated by a high TBR

(Van Son et al., 2019). TBR has shown reliable correlations with attentional

control in young neurotypical adults over two sessions, and has been hypothesised

to represent control processes of underlying arousal states (Angelidis et al., 2016).

However, using the TBR as a proxy for sustained attention performance could be
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problematic, with its foundation literature stemming from few clinical studies in

children with ADHD and showing less consistent findings in healthy adult samples

(Saad et al., 2018).

Therefore, another approach to identifying baseline attention states could utilise

behavioural measures of sustained attention performance. In Harty & Cohen

Kadosh (2019)‘s slow-paced gradual monitoring task, sustained attention skill in

healthy adults was measured by Coefficient of variation (CoV), a measure of re-

sponse variability, which quantifies the intra-individual deviation from mean per-

formance speed. A high score marks participants who deviate more in response

times from their mean performance throughout the block (inconsistent response

speed), whereas a low score marks less deviation and thereby a more consistent

performance throughout the block. Even though participants’ mean speed can

differ, participants who are overall more consistent in their performance (low CoV)

are categorised as more focused compared to participants who zone in and out

of the task represented by some faster (focused) and some slower reaction times

(inattentive) (Esterman & Rothlein, 2019; Harty & Cohen Kadosh, 2019). Similar

to TBR, this score is hypothesised to reflect arousal-based engagement related to

oscillatory activity in attention networks and therefore is an excellent candidate to

reflect moment-to-moment fluctuations in attention networks at baseline (Esterman

& Rothlein, 2019; Fortenbaugh et al., 2018).

Moreover, it is possible that simpler behavioural measures such as self-reported

lapses in behaviour and attention during everyday life is sufficient in predicting

stimulation outcome. Brain stimulation interventions such as tRNS could largely

benefit from personalisation based on markers predicting performance improve-

ments. Baseline behavioural scores, such as performance variability over time, are

an excellent prognostic candidate due to their links with brain processes and their

time and cost effectiveness compared to electrophysiological measurements.

21



2. The Role of Cognitive Control Markers of Sustained Attention Improvement
during Transcranial Random Noise Stimulation

Figure 2.1: Moderating effect of TBR on sustained attention performance. Figure
reprinted with permission from Harty & Cohen Kadosh (2019).

2.0.3 The Current Study

This chapter was inspired by Harty & Cohen Kadosh (2019) who found an overall

improvement in a sustained attention paradigm after 1 mA tRNS compared to

sham stimulation and not 2 mA tRNS but were furthermore able to determine

a subgroup of high-responders using a physiological proxy of baseline sustained

attention, the TBR (Fig. 2.1). Additionally, TBR was reduced after 1 mA tRNS

and not after sham or 2 mA tRNS (Harty & Cohen Kadosh, 2019).

Based on these findings, the current chapter attempted to answer the following

research questions:

1. Can differences in behavioural improvements during 1 mA, 2 mA, and sham

tRNS be predicted using behavioural baseline measures of sustained attention,
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instead of TBR, in Harty & Cohen Kadosh (2019)’s sample?

2. Can changes in post-stimulation TBR be predicted by the same baseline

markers from Q1?

3. In case several markers of sustained attention gains are identified in Q1 - Q2,

which of the markers fit the respective data best in a direct comparison?

Here, I reevaluated the data from the original study in our lab (Harty &

Cohen Kadosh, 2019) where participants detected gradual changes in contrast of

a flickering stimulus during 5-minute blocks, first without and then together with

tRNS. As behavioural score, variability of response time, measured by CoV, was

recorded. In addition, ratings on the Cognitive Failures Questionnaire (CFQ) at

baseline and TBR before and after tRNS was administered were assessed.

The aim of the chapter was to confirm whether CoV during stimulation blocks

could not only be predicted by pre-stimulation TBR but also by behavioural

baseline sustained attention scores. In addition, I aimed to confirm whether changes

in TBR after active tRNS were predicted by the same baseline predictors (TBR,

CoV, A’, CFQ) compared to sham tRNS. To that end, task performance 1) based

on response time variability (CoV) and 2) based on accuracy (discriminability

measured by A’; Stanislaw & Todorov (1999)) before stimulation were investigated

as potential moderators of tRNS improvement. In addition, CFQ was evaluated as

a subjective self-rating of sustained attention linking to a real-world representation

of sustained attention.

To follow up whether TBR can explain the data beyond the behavioural predic-

tions, I planned to compare all models with significant main or interaction effects

of behavioural moderators to the models also containing TBR as a covariate and

interaction. In addition, an exploratory cross-validated model comparison was

performed to compare all candidate models with interesting effects directly to one

another, by fitting them to a partial training data set and validating them in a

smaller testing data set. The best model fit was determined by the minimal error

between observed and predicted data points. This would allow to determine and

quantify differences between all successful moderator variables.
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2.1 Methods

2.1.1 Participants

I conducted a secondary analysis on a data set published in Harty & Cohen

Kadosh (2019) which included 72 participants (age 19-35, M = 25.1, 33 females).

All participants gave informed written consent, were reimbursed for their time

at the rate of £10/hour or equivalent course credit. Participants were right-

handed with normal or corrected-to-normal vision. In addition, standard exclusion

criteria for brain stimulation were controlled for, i.e. history of fainting, neurological

or psychiatric illness and use psycho-active medications, neurological surgeries

including eye surgery and drug or alcohol abuse. In the 24 hours before each

session, participants were asked to avoid drinking more than 1 unit of alcohol.

Ethical approval was sought from the University of Oxford Medical Sciences

Interdivisional Research Ethics Committee.

2.1.2 Apparatus and Materials

Stimuli

A computerised monitoring task (adapted from O’Connell et al. (2012)) was

administered, presenting an annular shape with an inner radius of 3° and an outer

radius of 10° of the visual angle flickering at 21.25 Hz. Periodically, the stimulus

contrast decreased linearly from its baseline of 65% to 35% of contrast over 1.6

seconds, see Fig. 2.2. This decrease in contrast was considered a target.

Once the stimulus reached 35%, the contrast increased back to baseline within

0.8 s. Between targets, stimuli stayed at baseline contrast for 4 s, 7.2 s, or 10.4 s.
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Figure 2.2: Stimulus. A flickering annular stimulus was intermitted by gradual
decreases in contrast (targets) from 65 % to 35 % over 1.6 s before returning to 65
% contrast. Targets appeared in randomized intervals of 4 s, 7.2 s, or 10.4 s within one
block of 4 minutes. Figure is taken from MSc dissertation (Malin I. Karstens, 2019).

Cognitive Failures Questionnaire (CFQ)

Self-reported failures in perception, memory, and motor actions related to MW

and lapses in attention were assessed via CFQ (Broadbent et al., 1982).

EEG Acquisition

EEG resting-state recordings were acquired from 20 channels (international 10-

20 system: Fp1, Fpz, Fp2, F3, Fz, Fc1, Fc2, C3, Cz, C4, Cpz, Pz, P3, PO3, PO4,

PO7, O1, Oz, O2) and right mastoid references (common mode sense, driven right

leg) at 500 Hz sampling rate using the Enobio 20® (Neuroelectrics®). A bluetooth

connection was used to transmit the data via the Neuroelectrics Instrument Con-

troller (NIC) software onto a Windows 7 desktop computer. Recordings lasted 4

minutes at baseline with participants observing a fixation cross on a black screen

throughout and were instructed to refrain from mental or motoric activities.
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tRNS Administration

Twenty minutes of 1 mA or 2 mA peak-to-peak high-frequency (100-500 Hz,

normally distributed amplitudes) tRNS was administered through a StarStim®

device (Neuroelectrics®) and using saline-soaked sponge electrodes (25cm2) over

the international 10-20 system’s F4 and P4 locations. Ramp-up and ramp-down

of the current lasted an additional 30 s. During sham stimulation, 1.5 mA tRNS

was applied for 30 s with additional ramp up and down of 30 s.

Brain Stimulation Side-Effects Questionnaire

To assess blinding and side-effects of the tRNS, participants filled out a question-

naire adapted from (Fertonani et al., 2010). First, participants reported whether

they believed they had received (a) real (active) stimulation, (b) placebo (sham),

or (c) they did not know which kind of stimulation they received. Next, participants

rated experiencing “itching”, “pain”, “burning”, “warmth/heat”, “fatigue/decreased

alertness”, “flashing lights (other than the stimulus)” on a 10-point Likert scale.

In case of mild (2-3), moderate (4-6), or severe (7-10) reported sensations, a

follow up questionnaire assessed the subjective effect that the sensation had on

the performance rated on a scale from 1 to 5, and the duration of the sensation

in minutes from 1 to 5. Results of the side effects and perceived sensations are

reported in Harty & Cohen Kadosh (2019).

2.1.3 Procedure

Continuous Monitoring Task (CMT)

Experimental Sessions. In this within-subject study, all participants com-

pleted the same set of questionnaires and tasks on three consecutive days at the

same time of day.

In the beginning of the first day, the CFQ was administered followed by a short

task practice of the CMT (14 targets) with verbal feedback.

In each session, eight CMT blocks (25 targets, 4 minutes each) were completed.

Participants were instructed to monitor a flickering annular stimulus and to detect
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targets as soon as a change in contrast was noticed, without making any guesses.

Responses were given via right-handed button press on a response-box. No feedback

was provided throughout the task.

Four task blocks were administered without stimulation as baseline, followed by

four tasks blocks with simultaneous tRNS. On each day, a participant completed

one of three double-blinded tRNS conditions (sham stimulation, 1 mA, 2 mA) in

randomised order. Side-effects of the stimulation were assessed after all stimulation

blocks via self-report. Four-minute resting-state EEG was recorded before and after

the stimulation portion of the session. Throughout the measurement, participants

were instructed to relax and fixate on the centre of a black screen.

Attention Measures

CFQ scores. The total CFQ score of all 25 items on a 5-point scale was

calculated, where a higher total score indicated stronger tendencies for failures

across multiple domains, such as attention and memory, in daily life.

Discriminability (A’). A non-parametric estimate of discriminability as for-

mulated in signal detection theory was used to quantify performance in the CMT

(Pallier, 2002). A’ can take values of up to 1 (perfect performance); a value of

0.5 signals chance performance.

Coefficient of Variation (CoV). Behavioural performance was evaluated

using the CoV (Harty & Cohen Kadosh, 2019) which represents the standard

deviation in RT (SDRT) to target appearances controlled for mean RT (MRT) per

task block: CoV = SDRT

meanRT
. Valid responses occurred 150 ms after target onset

and before the target contrast reverted back to baseline at 1600 ms after onset. A

stimulation score (CoVs) was formulated using the mean CoV from 4 task blocks

when online tRNS was applied. Baseline CoV (CoVbl) is defined as the mean CoV

over the first 4 non-stimulation task blocks.

Theta/Beta Ratio (TBR). The TBR was reported as calculated in the

original paper due to the unavailability of the raw EEG data (Harty & Cohen

Kadosh, 2019). Excessive packet loss (above 10%) was found for 2 participants
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who were consequently excluded from the data analysis. Noisy channels were

interpolated with spherical spline interpolation after visual inspection. All data

was re-referenced averaging all electrodes, excluding F3 and P3, which were placed

opposite the stimulation-only electrodes. Two-second epochs were examined for

excessive noise such as eye and face movements and excluded if they at any point

exceeded ±100 �V. Participants with more than 50% rejected epochs, were excluded

(N= 1). 69 participants contributed between 151 and 208 epochs to be transformed

via Fast-Fourier transform and high-pass filtered at 1.5 Hz. TBR was calculated for

each midline region (frontal, central, parietal, and occipital) by dividing relative

theta (4-7.5 Hz) by relative beta power (14-30 Hz) at Fz, Cz, Pz, and Oz respec-

tively, and subsequent log-transformation. TBRpre defined TBR recorded before

the tRNS task blocks and TBRpost defined TBR recorded after the tRNS blocks.

Data Preprocessing

All analyses were performed in R (Version 4.3.0) using custom scripts.

To ensure a robust analysis, outliers in CoV were identified excluding values

deviating more than 3 standard deviation from the mean. A total of 2.9% of blocks

by 2 participants were identified as outliers and removed. After outlier removal,

only complete cases were retained for further analysis (N=67).

Data Analysis

Data Availability. Data for the full sample was made available from Harty &

Cohen Kadosh (2019) including personal information such as age, but missing raw

EEG data and information on the sex reported by participants.

Linear Models. I performed moderation analyses to predict changes in CoV

during stimulation by different baseline attention measures: 1) TBR (replicating

the effect from Harty & Cohen Kadosh (2019) due to slight changes in the model

formulation and for comparisons), 2) CoVbl 3) CFQ, and 4) A’. CoVs was entered

as the dependent variable. To control for baseline performance, CoVbl was en-

tered as covariate in all models. The same procedure was repeated using TBR
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after stimulation (TBRpost) as outcome. To control for baseline TBR, TBRpre

was entered as covariate in those models. In all analysed models, subjects were

entered as random effect to account for inter-individual differences in performance.

Mixed-effect models were fitted using the lme4 package from R. All models were

initially formulated as full models with the respective predictor as random slope

and then reduced in R by estimating explained variance of the random effect and

confirming whether the reduced model performs significantly better in a Chi2

test. All continuous predictor variables were centred to avoid adverse effects

of multicollinearity between interaction terms resulting in all GVIF(1/(2*df)) <2,

which is below conservative thresholds used in the literature (Fox & Monette,

1992; Zuur et al., 2010).

Posthoc slope comparisons were performed in R using emtrends (emmeans

package) with Tukey correction for pair-wise comparisons for any model showing

interaction effects for different conditions.

Model Comparison. Model fit was compared individually between all signif-

icant models with CoV, CFQ, and A’ as predictors against the model including

TBR as an interaction, to examine whether performance and questionnaire-based

predictors fitted the data better than TBR. Comparisons were performed via Chi2

test and the Bayesian Information Criterion (BIC) was reported as an additional

indication of model fit while penalising for higher number of parameter in models.

Cross Validation. An exploratory model comparison approach using cross

validation was used to directly compare all models with significant interaction

effects irrespective of nested and non-nested predictors. All models were compared

based on least predicted error, see a full list of models in Tab. 2.1 (predicting

CoVs). The simplest model contained only tRNS condition (1 mA, 2 mA, sham)

as fixed predictor.

To compare models, I ran a repeated 5-fold cross-validation in R. Data was par-

titioned into a training data set (4 folds=~80%: 156 observations, 52 participants)

and a testing data set with the remaining data (1 fold=~20%: 39 observations,

13 participants). The cases were split such that data from one participant in all
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three tRNS conditions was allocated to the same data set and fold. I then run the

cross-validation returning the prediction error, or root mean square error (RMSE),

between the training and testing data set for all nine models.

RMSE was chosen to compare models since it is a measure of how well the

model fits the data. When models had a similar error, adjusted R2 was used to

compare whether there were differences between the proportion of variance the

models explained.

Within the training data set each of the 4 folds was held out as a validation

data set once and model errors were averaged for the 4 comparisons (RMSEtrain).

Then, models fitted on the full training data were used to predict the dependent

variable in the testing data set and RMSE between predicted and observed values

were reported (RMSEtest). Since RMSE fluctuated with different data partitions,

the cross validation was repeated for 100 seeds and the mean RMSE (mRMSEtrain,

RMSEtest) was reported together with the 95% confidence interval (CI).

Model summaries and 95% CIs for the predictors were generated using boot-

strapping (1000 simulations), and R2.

2.2 Results

2.2.1 Sample

Figure 2.3: Participant exclusion procedure. Participants were excluded based on EEG
data quality and outliers in relevant scores.

Of the initial 72 participants, EEG data of three individuals was excluded due to

excessive epoch loss (1) and packet loss (2), see Harty & Cohen Kadosh (2019). Ad-

ditionally, 2.9% of the remaining data was excluded due to outliers in behavioural or

EEG data resulting in a sample of N=67 (Age: M= 24.91, SD= 4.4). The exclusion
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procedure and final sample details are visualised in Fig. 2.3. The distribution of

sex was unavailable for this final data set.

2.2.2 Changes in Task Performance During Brain Stimu-
lation

Resting TBR Moderated Performance during tRNS (Replicated)

I replicated the effect of TBRpre in predicting performance score during stimula-

tion only at 1 mA tRNS compared to sham (adjR2= 0.57). The model CoVs~ tRNS

* TBRpre+CoVbl + (1| subject) showed a main effect of tRNS condition, indicating

that 1 mA compared to sham stimulation resulted in lower CoV, and a significant

main effect of CoVbl indicating that baseline performance positively predicted per-

formance during stimulation (see all model results in Tab. A.1). Furthermore, the

model showed a significant interaction between TBRpre and 1 mA tRNS vs. sham

(β= -0.042, SE= 0.01, t(201)= -2.9, p= 0.004), indicating differences in responding

to 1 mA tRNS compared to sham tRNS between participants with low and high

baseline TBR, see Fig. 2.4.

Post hoc comparisons revealed that compared to sham stimulation, the slope

of predicted CoV during 1 mA tRNS was significantly reduced (β=0.04, p=0.014).

There was no evidence for a significant difference in predicted CoV between 2

mA tRNS and sham stimulation (β=0.01, p=0.8) or between 1 mA and 2 mA

tRNS (β=-0.03, p=0.083).

Baseline CoV Moderated Performance during tRNS

When testing whether baseline CoV could replace TBR and moderate the effect

of stimulation (CoVs~ tRNS* CoVbl + (1| subject)) a main effect of tRNS condition

was found (see all model results in Tab. A.2). This indicated that 1 mA compared

to sham stimulation resulted in lower CoV. There was also a significant main effect

of CoVbl indicating that baseline performance positively predicted performance

during stimulation. Moreover, the model showed significant interactions between

CoVbl and 1 mA tRNS (β= -0.435, SE= 0.11, t(195)= -4.09, p= <.001) and
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Figure 2.4: Resting state TBR before tRNS predicted CoV during tRNS. The figure
displays the significant interaction (p=.004) between baseline TBR and tRNS condition.
Compared to sham stimulation, 1 mA tRNS significantly reduced CoV in participants
with high TBR at baseline, indicating greater benefit from the stimulation. Data points
of participant’s performance in each condition are displayed in the respective colour. The
shaded areas depict the 95% confidence interval of the estimates.

between CoVbl and 2 mA tRNS (β= -0.262, SE= 0.1, t(195)= -2.54, p= 0.012),

indicating predicted differences in stimulation CoV between participants with low

and high baseline CoV during both tRNS conditions (1 mA and 2 mA) compared

to sham stimulation (see Fig. 2.5). For higher CoV measured at baseline, scores

during 1 mA and 2 mA improved more and vice versa (adjR2= 0.58).

Post hoc comparisons revealed a significantly reduced slope of predicted CoV

during tRNS compared to sham stimulation, for 1 mA (β=0.43, p=0) and 2 mA

(β=0.26, p=0.033). There was no evidence for a significant difference in predicted

CoV between 1 mA and 2 mA tRNS (β=-0.17, p=0.186).
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Figure 2.5: Baseline CoV predicted CoV during tRNS. The figure displays the
significant interactions between baseline CoV and tRNS condition indicating better
performance during 1 mA (p<.001) and 2 mA (p= .012) tRNS for participants with high
baseline CoV compared to sham stimulation. Data points of participant’s performance
in each condition are displayed in the respective colour. The shaded areas depict the 95%
confidence interval of the estimates.

Self-reported Attention Moderated Performance during tRNS

Similar to resting TBR, CFQ predicted performance during stimulation only at

1 mA tRNS compared to sham but not during 2 mA compared to sham (adjR2=

0.58). As in both models before, CoVs~ tRNS * CFQ +CoVbl + (1| subject)

showed both main effects of tRNS condition, indicating that 1 mA compared to

sham stimulation resulted in lower CoV, and of CoVbl, indicating that baseline

performance positively predicted performance during stimulation (see all model

results in Tab. A.3). Finally, the model also showed a significant interaction

between CFQ and 1 mA tRNS compared to sham (β= -0.001, SE= 0, t(132.46)=

-3.53, p= <.001), indicating differences between participants with low and high

CFQ scores in response to 1 mA tRNS compared to sham stimulation but not

2 mA, see Fig. 2.6).
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Figure 2.6: CFQ score predicted CoV during tRNS. The figure displays the significant
interaction between CFQ and tRNS condition. Better performance was predicted during
1 mA tRNS (p<.001) for participants with high ratings on the CFQ, compared to sham
stimulation. Data points of participant’s performance in each condition are displayed
in the respective colour. The shaded areas depict the 95% confidence interval of the
estimates.

Post hoc comparisons showed a significantly reduced slope of predicted CoV

during tRNS compared to sham stimulation for 1 mA (β=0, p=0.002) and there

was a significant difference in predicted CoV between 1 mA and 2 mA tRNS (β=0,

p=0.005). A significant difference between sham stimulation and 2 mA was not

supported by the data (β=0, p=0.005).

No Moderation of Discriminability on Performance during tRNS

In contrast to the other attention outcomes, baseline A’ did not predict CoV

during stimulation (adjR2= 0.53). As in the models before, CoVs~ tRNS* A’

+CoVbl + (1| subject) showed both main effects of tRNS condition and of CoVbl

(see all model results in Tab. A.4). However, no interactions between baseline A’

and tRNS condition, for 1 mA or 2 mA were significant.
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A follow up analysis showed no significant effects or interactions (adjR2= 0.09)

when instead of CoV during stimulation, A’ during stimulation was predicted using

baseline A’ scores (A’~ tRNS* A’ +CoVbl + (1| subject)), see Tab. A.5

Performance Prediction Model Comparison

Since baseline CoV and CFQ responses could both predict stimulation perfor-

mance measured by CoV, as found for TBR before stimulation in Harty & Cohen

Kadosh (2019), I compared the model fit of these models before and after adding

baseline TBR as covariate and interaction.

For CoV, the initial model (CoVs~ tRNS* CoVbl + (1| subject)) with BIC

= -722.88 was not significantly improved by adding TBRpre as covariate (BIC

= -721.78, X2 = 4.2, p =0.04 ) or as interaction term (BIC = -699.8, X2 =

4.53, p =0.476), indicating that baseline CoV alone predicted the stimulation

performance best.

Similarly, the initial model (CoVs~ tRNS* CFQ + CoVbl + (1| subject)) with

BIC = -715.81 was not significantly improved by adding TBRpre as covariate

(BIC = -715.19, X2= 4.69, p =0.03 ) or as interaction term (BIC = -697.24,

X2 = 8.57, p =0.128), indicating that baseline CFQ alone predicted the stimu-

lation outcome best.

Cross Validated Model Comparison

One limitation of model comparison using Chi2 tests and probabilistic model

selection such as BIC is that only nested models can be compared to one another.

To overcome this shortcoming, an exploratory cross validated model comparison

was performed attempting to compare model fit of the previously tested models

directly. The null model (the most simple model containing only stimulation as a

predictor) and a model only containing a main effect of baseline CoV as control

were introduced in the comparison in addition to the models containing main effects

and interactions for the three baseline predictors (CoV, TBR, CFQ).
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The cross-validated model comparison (see Tab. 2.1) indicated that CoVbl in

interaction with tRNS condition alone (Model 4: adjusted R2= 0.58) predicted

the stimulation performance best in the training data (mRMSEtrain= 0.0369, 95%

CI= [0.0366, 0.0372] and testing data set (mRMSEtest= 0.0371, 95% CI= [0.036,

0.0383]. It is important to note that in the testing data set, the upper 95% CI of

Model 4 included all other model estimates, except for the models only including

stimulation as a predictor (Model 1) and without interaction (Model 2), indicating

that TBR and CFQ in interaction with tRNS condition and CoVbl as covariate as

well as the baseline model with only CoVbl as main effect fitted the data closely

as well. However, it is expected to find larger margins around the estimates due

to the much smaller amount of data in the testing set.

These results suggest that all baseline predictors show some explanatory power

of the stimulation-related gains in the sustained attention task during 1 mA com-

pared to sham. However, the minimal error for model fit was predicted for CoV

baseline confirming the traditional model comparison outcome.

Table 2.1: Model Comparison

Training data Testing data

Model Estimate CI95% Estimate CI95%

1.CoVs~tRNS+(1|subj) 0.0566 0.0562 0.0569 0.0556 0.0543 0.0569

2.CoVs~tRNS+CoVbl+(1|subj) 0.0381 0.0378 0.0384 0.0384 0.0373 0.0394

3.CoVs~tRNS*TBRpre+CoVbl+(1|subj) 0.0378 0.0375 0.0381 0.0381 0.0369 0.0392

4.CoVs~tRNS*CoVbl+(1|subj) 0.0369 0.0366 0.0372 0.0371 0.0360 0.0383

5.CoVs~tRNS*CFQ+CoVbl+(1|subj) 0.0375 0.0372 0.0378 0.0379 0.0368 0.0390

Notes. Model estimates of average mRMSE and 95%CIs over 100 repetitions for training and testing data set.
tRNS = sham, 1 mA, 2 mA, subj = subject number.

2.2.3 Changes in TBR During Brain Stimulation

Resting TBR Moderated Post-Stimulation TBR

The first tested model TBRpost~ tRNS* TBRpre+ (1| subject) revealed a main

effect of tRNS condition, indicating that 1 mA compared to sham and 2 mA

36



2. The Role of Cognitive Control Markers of Sustained Attention Improvement
during Transcranial Random Noise Stimulation

0.5

1.0

1.5

2.0

2.5

3.0

1 2
Baseline TBR

P
os

t−
tR

N
S

 T
B

R

tRNS Condition

sham

1 mA

2 mA

Figure 2.7: Resting state TBR before stimulation predicted a change in TBR. The figure
displays the significant interaction (p<.001) between baseline TBR and tRNS condition
indicating reduced TBR after 1 mA tRNS compared to sham stimulation. Data points of
participant’s performance in each condition are displayed in the respective colour. The
shaded areas depict the 95% confidence interval of the estimates.

stimulation resulted in lower TBR. There was also a significant main effect of

TBRpre indicating that baseline TBR predicted TBRpost during stimulation, see

Tab. A.6). Finally, the model showed a significant interaction between TBRpre and

1 mA tRNS compared to sham (β =-0.042, SE =0.015, t(201) = -2.9, p =0.004)

indicating that participants with higher TBR at baseline showed a significantly

reduced TBR after stimulation with 1 mA which was not the case for 2 mA tRNS,

see Fig. 2.7) (adjR2= 0.33).

Post hoc comparisons showed a significantly reduced slope of predicted TBR

after tRNS compared to sham stimulation for 1 mA (β=0.72, p=0) and there was

a significant difference in predicted CoV between 1 mA and 2 mA tRNS (β=-

0.69, p=0). A significant difference between sham stimulation and 2 mA was not

supported by the data (β=0.03, p= <.001).
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No Moderation of Baseline Performance on Post-Stimulation TBR

In contrast to baseline TBR, baseline CoV did not predict post-stimulation

TBR reduction (adjR2= 0.21). The model TBRpost~ tRNS * CoVbl + TBRpre +

(1+ CoVbl| subject) revealed a main effect of tRNS condition, indicating that 1 mA

compared to sham and 2 mA stimulation resulted in lower TBR, and of TBRpre

indicating that baseline TBR predicted TBRpost during stimulation, see Tab. A.7).

However, no interactions between TBRpre and 1 mA or 2 mA tRNS were significant.

No Moderation of Self-reported Attention on Post-Stimulation TBR

Similarly, CFQ did not predict post stimulation TBR reduction (adjR2= 0.2).

The model TBRpost~ tRNS * CFQ + TBRpre + (1+ TBRpre| subject) only revealed

a main effect of tRNS condition, indicating that 1 mA compared to sham and 2

mA stimulation resulted in lower TBR and of TBRpre indicating that baseline

TBR predicted TBRpost during stimulation, see Tab. A.8).

No Moderation of A’ on Post-Stimulation TBR

As with the previous predictors, A’ did not predict any changes in TBR after

stimulation (adjR2= 0.25). As in the models before, TBRs~ tRNS * A’ +CoVbl +

(1| subject) showed a main effect of tRNS condition, indicating that 1 mA compared

to sham stimulation resulted in lower TBR. No other main effects or interactions

were significant, see Tab. A.9).

Since only the model with baseline TBR, but no other behavioural predictor

showed a significant effect on changes in TBR after tRNS, no model comparison

was performed.

2.3 Discussion

First, the study revealed that not only pre-stimulation TBR, but also baseline

response variability (CoV) and CFQ scores moderated response variability in a

sustained attention task during tRNS. Participants with poor attention indicated

by higher TBR, CoV, and CFQ score performed better during 1 mA compared to
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sham stimulation, as shown by a larger reduction in CoV during stimulation. In

addition, high baseline CoV also predicted better outcome during 2 mA compared

to sham. However, task performance A’ could not be confirmed as a significant

predictor of tRNS improvements.

Second, classic model comparison revealed that the behavioural moderators

(CoV and CFQ) predicted the performance outcome best as the mixed effect models

did not significantly improve when baseline TBR was entered as main effect and

interaction. An exploratory cross-validated model comparison revealed that out of

all predictors, CoV showed an advantage over TBR and CFQ, and simpler models,

with minimal error in model fit.

Third, while baseline responses successfully predicted stimulation success mea-

sured by performance, only baseline TBR moderated changes in TBR at 1 mA

compared to sham tRNS. CoV, CFQ, and A’ did not moderate changes in TBR

during stimulation.

The original study suggested that the TBR in healthy adults could potentially

be used to predict stimulation effects on sustained attention performance. However,

I could show that this moderator is not exclusive to this cognitive marker but can

also be achieved when using response variability and self-rated sustained attention

in the same data set. This could indicate that TBR was a proxy of general sustained

attention in the sample and participants who struggled more, were found to profit

more from the intervention.

In line with the literature, the results suggested performance improvements

through online tRNS compared to sham stimulation (Van Der Groen et al., 2022).

The current data showed effects on sustained attention performance, especially

during 1 mA tRNS. This is in line with previous studies who found excitatory

effects around 1 mA (Battaglini et al., 2023; Van Der Groen et al., 2022; Van

Der Groen & Wenderoth, 2016). Moreover, beyond the differences in effects for 1

mA predicted by TBR before the stimulation, baseline CoV revealed performance

improvements for those participants with sub-optimal performance also during 2

mA tRNS. While performance improvements after 2 mA tRNS are equally reported
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in some studies (Contò et al., 2021; Lema et al., 2021), replication issues between

tRNS studies are not uncommon (Dondé et al., 2019; Pavan et al., 2019). Not only

are there differences in behavioural tasks between brain stimulation studies, Krause

& Cohen Kadosh (2014) also note that anatomical, physiological, and functional

differences between individuals can impact the replicability of the results in this

field. For other studies, it is possible that inconsistent reporting and parameters

such as electrode size and material, amplitudes, frequency range, duration, online

vs. offline stimulation, cause varied effects and possibly masking effects (Reed &

Cohen Kadosh, 2018). The current results align with this notion and highlight that

differences in prior skill level and engagement need to be taken into account and

could potentially mask any improvements of a subgroup within the full sample.

The most prominent result of the study was that during 1 mA and 2 mA

participants with poorer performance improved more than participants with better

sustained attention at baseline. One alternative explanation for this effect could

be regression to the mean, meaning that participants with outlier performance at

baseline are statistically more likely to have an outcome closer to the mean than

before, meaning participants whose performance had more room for improvement,

showed greater success (Barnett et al., 2005). However, since the performance

in the sham condition did not change in the same participants, it is more likely

that tRNS showed the most benefit when performance was sub-optimal, but less

or no effect when performance was near optimal before the intervention (Van Der

Groen et al., 2018; Van Der Groen & Wenderoth, 2016). In addition, A’ was not

found to be a useful marker of tRNS success, which could suggest that rather than

marking general proficiency in the CMT, TBR, CoV and CFQ tap into a more

specific process within sustained attention linked to the temporal lapses within the

attention networks involved in task performance (Fortenbaugh et al., 2018).

Importantly, when comparing all moderators to one another, the model includ-

ing baseline CoV as interaction with tRNS condition was preferable in predicting

performance improvement compared to models including TBR or CFQ. Notably,

several other models had overlapping estimates with the confidence interval of
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the model with CoV in the smaller testing set, indicating that these predictions

showed potential compared to the less complex models without baseline predictors.

These results have to be interpreted with caution since the testing set of data

contained fewer data points and the estimates have larger error margins. It is

possible that we see this pattern due to over-fitting, where the model fitting the

training data was over-fitted and diverts somewhat from the testing data. However,

the overall model results using the full data predicted a similar improvement by

all baseline markers, and standard comparisons (X2, BIC, adjusted R2) were in

line with the cross-validation results.

It appeared that TBR, behavioural performance in the CMT, and the CFQ

in the current study showed very similar outcomes in line with previous research

(Angelidis et al., 2016; Harty & Cohen Kadosh, 2019; Schepers et al., 2023; Van Son

et al., 2019). However, I could not confirm that baseline markers of sustained atten-

tion other than baseline TBR (Harty & Cohen Kadosh, 2019), predicted a reduction

in TBR after the stimulation. It is also noteworthy, that the variance explained by

TBRpre predicting TBRpost was overall smaller than the variance explained when

predicting CoVs the same attention markers, indicating that performance could be

more effective prognostic marker and outcome measure in the CMT.

2.3.1 Benefits of Performance Markers Compared to TBR

Overall, the results indicated that a behavioural score of reaction time variabil-

ity can be used to identify participants who will benefit from stimulation above

others, and could lead to better predictions than baseline resting-state TBR and

questionnaire responses. Using markers of sustained attention could improve brain

stimulation approaches by providing a method of personalising stimulation before

the intervention starts (Van Bueren et al., 2021) and providing reference measures

in closed-loop interventions (Lorenz et al., 2017), as well as potentially tracking

effects on baseline sustained attention in long-term experiments.

The results support the notion that behavioural attention lapses could mark

underlying processes of maintaining attention in a non-stimulating task (Flehmig et
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al., 2007). One possible explanation could be that CoV reflects moment-to-moment

fluctuations of activity in brain areas related to sustained attention (Fortenbaugh

et al., 2018). It has also been hypothesised that response variability is sensitive

to the interplay between gradual decreases in arousal and frontal control leading

to a decrement of readiness for sustained attention (Esterman & Rothlein, 2019;

O’Connell et al., 2008). Individual differences in arousal-based innervation of

excitability in sustained attention cortical networks could be a possible explanation

of performance improvements through the excitatory effects of tRNS in fronto-

parietal networks in the current study (Brancucci et al., 2023; Maness et al., 2022;

O’Connell et al., 2008). Maintaining an excitation/inhibition (E/I) balance in

the cortex has been shown to moderate the effect of tRNS, benefitting those with

lower E/I (Van Bueren et al., 2023). Participants with suboptimal engagement

of relevant brain regions might profit more from increased excitation over those

areas which is supported by literature of children and adults with ADHD, and

macaques (Dutra et al., 2016, 2016; A. C. Snyder et al., 2016). Those with close to

optimal cortical excitability, as reflected by lower response variability are expected

to not profit as much or at all from the stimulation (Krause et al., 2013; Reed

& Cohen Kadosh, 2018)

Potential problems when using TBR as prognostic marker could have been

overall data quality and manual data cleaning procedures which is less of a problem

when evaluating behavioural performance based on reaction times. In addition,

the TBR has been criticised as a reliable marker of attention difficulties since the

literature is mainly built on samples of children diagnosed with ADHD, which could

be an issue since the frequency spectrum often shows a shift. Therefore, some

measurements of theta activity might include part of the alpha peak when not

adjusted (Saad et al., 2018). This leads to over-estimation of the theta-beta ratio.

While TBR is a consistent marker found in samples of children and adults with

ADHD, it is still unclear how intra-individual differences, for example responders

and non-responders of stimulant medicine in ADHD patients are reflected in TBR
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(S. M. Snyder & Hall, 2006), and whether other measures might be more optimal

(Dakwar-Kawar et al., 2024; M. M. Robertson et al., 2019).

More recently, attempts have been made to separate the true oscillatory ac-

tivity from the aperiodic activity (the exponent underlying the entire EEG power

spectrum). Adolescence with ADHD show a flattened exponent, reflective of an

E/I imbalance in the brain, which was also related to Go/No-go performance

(Arnett et al., 2022; Karalunas et al., 2022). Importantly, in Van Bueren et al.

(2023), the aperiodic activity predicted improvements during tRNS in a learning

task, suggesting that the moderation via TBR could be confounded with aperiodic

characteristics of the power spectrum.

2.3.2 Stochastic Resonance

The current study was inconclusive in confirming the best parameters for partic-

ipants with poor baseline attention skill. CFQ and TBR selectively predicted

improvements during 1 mA, but not during 2 mA compared to sham, which is

in line with findings supporting the stochastic resonance hypothesis for tRNS

(Battaglini et al., 2023; Van Der Groen & Wenderoth, 2016). However, CoV at

baseline predicted improvements at 1 mA and 2 mA compared to sham with no

significant difference between the real tRNS conditions. It could be hypothesised

that individuals with especially poor performance respond to a wider range of

stimulation intensities, since the subthreshold brain state generally profits from

added noise, also when the noise intensity diverts from the optimum. Participants

with moderate performance, however, might only profit from optimal stimulation

but not from a range of noise frequencies, as their brain activity might already be

close to the threshold and increased currents could mask any further improvements.

2.3.3 Limitations

Since the data set was already completed before analyses begun, one limitation

of the study was the measures available to analyse. Only CFQ was assessed as

a baseline report of sustained attention in daily life, which has been associated
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with accuracy in sustained attention to response tasks but was less associated with

response time (Smilek et al., 2010). For example, links between TBR and an

attentional control scale (ACS) showed very good test-retest reliability in young

female participants (Angelidis et al., 2016). Future studies should consider addi-

tional self-reported measures, such as the ACS or the Adult ADHD Self-Report

Scale assessing everyday-life behaviours related to ADHD symptoms in healthy

participants (Kessler et al., 2005).

Furthermore, although the cross-validation results largely agreed with tradi-

tional model comparisons, it was apparent that such measures might require more

data to give meaningful and strong predictions with agreement between training

and testing data sets.

The results indicated that CoV might represent the fluctuations of attention

during the CMT more closely than the accuracy-based performance score. However,

it is noteworthy that A’ performance in this sample was close to ceiling level which

means there was less variability in the scores than for CoV. Therefore, CoV might

be a good score to use in context of very monotonuos but simple tasks but it is

possible that similar moderation could be achieved with A’ in more effortful tasks.

2.3.4 Implications and Conclusion

In summary, the results revealed that not only TBR but also response variability

successfully predicted a subgroup of participants with lower performance who profit

more from real tRNS compared to sham. In addition, baseline TBR and per-

formance both predicted the stimulation-related reduction in TBR. Self-reported

behaviour related to attention also predicted performance gains but not change

in TBR after stimulation. Overall, response variability was closely associated with

the cortical marker of sustained attention and was estimated to predict stimulation

improvements as well or better than TBR.

The current study had several important implications, namely identifying the

close relationship between CoV and TBR which extended to stimulation-gain-

related predictions that could be applied in future studies when identifying par-
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ticipants with higher probability to benefit from sustained attention interventions.

Specifically, CoV has advantages over TBR in that behavioural assessment com-

pared to a cortical marker involves reduced costs associated with the assessment

and less need for manual pre-processing. This would make it more suitable for the

use in personalisation systems (Lorenz et al., 2017; Van Bueren et al., 2021).
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Abstract

Sustained attention is shaped by the interaction between subcortical arousal

and top-down control processes, both crucial for goal-directed attention and per-

formance, as measured by laboratory tasks. Although mind-wandering (MW) is

a separate cognitive process, it frequently co-occurs with lapses in performance,

reflecting behavioural outcomes. A common method to manipulate arousal and

cognitive control is by adjusting task demands and complexity. This chapter aimed

to examine the interplay between task complexity, arousal, and cognitive control,

using behavioural performance markers and MW in an online airplane control

task (ACT). In Study 1, higher coefficients of variability (CoV) were observed in

longer task blocks of the monotonous condition, indicating poorer performance.

However, self-reported trait attention, MW, and off-task thoughts were not signif-

icantly associated with performance. Study 2 confirmed an inverse relationship

between hit rate and CoV, reinforcing a non-significant trend observed in Study 1,

indicating higher hit rates in the absence of distractors. In contrast, performance

in monotonous trials showed greater CoV compared to the more complex visual

task. Overall, these findings suggest that the ACT effectively captured differences

in task complexity through performance markers, though no direct connection to

MW or off-task thoughts was identified. Future research should investigate direct

links between physiological markers of arousal and cognitive control using the ACT.

47



3. The Effects of Task Complexity on Behavioural Indices of Sustained Attention
and Mind-Wandering

Sustained attention is defined as the prolonged maintenance of goal-directed

focus on an activity or objective (Boukrina & Barrett, 2017; Huang et al., 2023;

Langner & Eickhoff, 2013; Strayer et al., 2023). This competence is predictive of

learning outcomes in school (Gallen et al., 2023).

3.0.1 Arousal and Cognitive Control

Sustained attention performance is affected by subcortical arousal in interplay

with cortical control processes (Esterman & Rothlein, 2019). On the one hand,

maintaining focus is believed to be facilitated by bottom-up phasic and tonic

arousal originating in the locus coeruleus with noradrenergic projections innervating

fronto-parietal attention networks (Alnæs et al., 2014; Aston-Jones & Cohen, 2005;

Chandler et al., 2014; Coull, 1998; Melnychuk et al., 2021; Pinggal et al., 2022). On

the other hand, moment-to-moment goal-directed attention is modulated by top-

down activity in frontoparietal areas supported by the frontoparietal and cingulo-

opercular control system maintaining moment-to-moment task performance, task

switching, and suppressing irrelevant distractors (Cosman et al., 2018; Petersen &

Posner, 2012). Evidence for a close link of arousal and cognitive control to sustained

and selective attention can be measured via electroencephalography (EEG) mark-

ers, pupil diameter, or psychopharmacology (Angelidis et al., 2016; Coull, 1998).

For example, the slope of the EEG power spectrum, also called aperiodic exponent

or 1/f activity, has been suggested to mark the cortical excitation/inhibition bal-

ance (Ostlund et al., 2021; Van Bueren et al., 2023) and is sensitive to anaesthetic or

stimulant arousal manipulation but also to top-down attentional processes and has

clinical relevance for patients with ADHD (Dakwar-Kawar et al., 2024; Gyurkovics

et al., 2022; Pani et al., 2022; Pertermann et al., 2019; M. M. Robertson et al.,

2019; Waschke et al., 2021).

Behaviourally, sustained attention is assessed via errors, response time vari-

ability, or mind-wandering (MW) reports during prolonged experimental tasks

that have been associated with activity changes in sustained attention networks

and the default mode network (Contò et al., 2021; Corbetta & Shulman, 2002;

48



3. The Effects of Task Complexity on Behavioural Indices of Sustained Attention
and Mind-Wandering

Esterman et al., 2013; Esterman & Rothlein, 2019; Kondo et al., 2023; Raposo

et al., 2023; Unsworth & Robison, 2018) and perceived real-world sustained at-

tention (Smilek et al., 2010). To capture moment-to-moment lapses, continuous

and monotonous go/no-go paradigms with rapid stimulus display, e.g. Sustained

Attention to Response Task (SART) or gradually shifting images, e.g. gradual

Continuous Performance Task (gradCPT) in visual display have been administered

widely (Kondo et al., 2023; Martínez-Pérez et al., 2021; Martínez-Pérez et al., 2023).

Tasks targeting arousal processes usually involve low frequency of targets and less

complexity, whereas higher demand and high frequency targets are believed to tap

into executive control processes of attention (Martínez-Pérez et al., 2021; Martínez-

Pérez et al., 2023).

Together, this suggests that variations in task complexity and performance

may reflect changes in the brain’s underlying arousal and cognitive control states

underlying sustained attention (Coull, 1998; Ma et al., 2024; Martínez-Pérez et

al., 2023; Thomson et al., 2015).

3.0.2 Sustained Attention and MW

Lapses of attention can co-occur with task-unrelated thoughts, also known as MW,

which are often reported via subjective self-report administered during behavioural

tasks (C. A. Godwin et al., 2023; Kane et al., 2021). These thought probes usually

distinguish between on-task and off-task thoughts but can further be categorised

by stimulus dependency and task-relatedness to disentangle task-related and ex-

ternal distractions from internal task-unrelated thoughts (Stawarczyk et al., 2011;

Unsworth & Robison, 2016, 2018).

Previous literature suggests some functional overlap between sustained atten-

tion failures and MW reports associated with anti correlated activity in the default

mode and attention-related networks (Esterman et al., 2013; C. A. Godwin et al.,

2023; Kane et al., 2021; Kucyi et al., 2016). Although markers related to arousal

and cognitive control are shared (Unsworth & Robison, 2018; Van Son et al., 2019),

the underlying brain networks were found to be distinct (Jin et al., 2020). However,
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on the behavioural level, a close relationship between task performance and MW

has been observed, showing worse accuracy and greater variability in reaction times

when thoughts are disengaged and better performance when less MW is reported

(C. A. Godwin et al., 2023; Stawarczyk et al., 2020). Furthermore, both subjective

task focus and sustained attention performance have previously been found to be

interrupted by sleepiness (Stawarczyk et al., 2020). Despite these similarities, MW

and attention lapses have been found to differently be affected by goal setting

(Strayer et al., 2023), underlining the complex relationship.

MW can occur intentionally and unintentionally, varying based on time and

task, and differing in the content of the thoughts involved (Martínez-Pérez et al.,

2021; Seli, Cheyne, et al., 2015; Seli et al., 2017; Stawarczyk et al., 2011). Specif-

ically, unintentional MW has been associated with poor task performance (Kane

et al., 2021) and symptoms of attention deficit hyperactivity disorder (ADHD) in

healthy adults (Seli, Smallwood, et al., 2015). Seli, Cheyne, et al. (2015) found

that task-unrelated thoughts mediate the relationship between low task motivation

resulting in lower task performance. This is important since in adolescence, low

motivation in pupils with ADHD compared to their peers without ADHD predicted

academic success in school (Smith et al., 2020).

Despite the undesirable effects that unintentional MW can have when we try to

stay focused, both intentional and unintentional MW have been shown to negatively

impact task performance (Seli, Cheyne, et al., 2015). Moreover, it has been

suggested that patterns of MW were affected by task complexity, demonstrating

more unintentional MW reported in a cognitive control SART task and more

intentional MW during a more monotonous performance task (Martínez-Pérez et

al., 2021). The authors also found a steady increase of unintentional MW during a

task requiring more cognitive control, whereas MW only increased at the beginning

of the monotonous task and remained stable later (Martínez-Pérez et al., 2021).

This suggests that while MW is a distinct process from inattentiveness, both are

closely intertwined and often triggered by similar situations and environments. As a

result, the two processes are not always easily distinguishable based on behavioural
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measures alone. Both the presence and intention to mind wander along with factors

such as task motivation and sleepiness are crucial considerations when assessing

the relationship between sustained attention and MW.

3.0.3 The Current Chapter

The primary aim of this chapter was to explore how behavioural performance and

MW differ in an online paradigm. To achieve this, I adapted a simulated air traffic

controller task (Nelson et al., 2014), from here onwards referred to as airplane

control task (ACT) to create two distinct conditions: a monotonous, low-visual-

load condition that was expected to require optimal arousal to maintain sustained

focus over time, and a high-demand version with distractor stimuli, designed to

engage cognitive control processes while maintaining the same motor demands

and task instructions. Task performance was assessed using trial accuracy and

coefficient of variation (CoV) over task blocks.

Furthermore, I used thought probes to distinguish MW from task-related and

unrelated distractions, evaluating not only the simple on-task vs. off-task distinc-

tion but also a more refined comparison between MW and distraction states. Addi-

tionally, I assessed how MW varied across task conditions, factoring in participants’

intention to mind wander, motivation, and sleepiness. To examine how performance

and MW shift over shorter and longer time periods, and to prevent the anticipation

of thought probes, I introduced varying block durations (Stawarczyk et al., 2011;

Unsworth & McMillan, 2014).

Finally, I aimed to test the transferability and generalisation of effects from this

online paradigm to real-world outcomes, measured as self-reported trait attention

(Broadbent et al., 1982; Kessler et al., 2005). Few studies to date have applied

online sustained attention tasks, addressing media multitasking Ralph et al. (2015),

or ageing Fortenbaugh et al. (2015), however, this is the first study to investigate

sustained attention and MW during monotone and demanding computerised tasks.
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3.1 Study 1

3.1.1 Preregistered Hypotheses

Firstly, I hypothesised that CoV as a main effect and in interaction with task

complexity would predict how focused participants rated themselves to be after each

task block. 1.1 I expected that better performance in the ACT would predict more

on-task ratings overall, and in the non-distractor condition compared to distractors.

1.2 The same prediction was made for MW reports, where better performance was

expected to predict less MW specifically in the non-distractor condition.

Secondly, I was interested in the associations of sustained attention in a labora-

tory task with reports of sustained attention in daily life via questionnaires. 2.1 I

predicted average performance variability by the Cognitive failures questionnaires

(CFQ). 2.2 I also predicted average performance variability by the Adult ADHD self-

report scale (ASRS). The expected results would show that participants with less

every-day attention difficulties were predicted to have a more stable performance

(lower CoV) in the ACT.

Lastly, I predicted MW by the same two questionnaires as in (2.). 3.1 These

models also included the intentionality to mind wander and it was expected to find

an interaction, where attention scores from CFQ and 3.2 ASRS are predictive of

MW to a stronger degree, the more spontaneous MW is reported and less when

MW is reported to be more deliberate on average.

3.1.2 Methods

The study was preregistered (10.17605/OSF.IO/UFYPR) for the monotone task

condition (no distractors) and (10.17605/OSF.IO/384CB) for the demanding task

condition (distractors). The experiment featured two task conditions of the ACT,

one replicated from a previous paper which was preregistered individually as a

replication study to examine the effects of MW and task performance in an online

setting. The other task condition adapted the original task to pilot the effects of

distractors in the same search task and was preregistered separately as a preliminary
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novel design. Since the task conditions were administered together, the analysis

was performed as one study.

Participants

For the current online study, a sample of healthy, young adults was recruited

via Prolific which estimated a pool of 5767 eligible registered users. Participants

were eligible if they were between the ages of 18 and 35, right-handed with normal

or corrected-to-normal vision. English was required to be their first language,

and participants must have spent most time before the age of 18 in the UK.

Only healthy individuals, specifically without diagnosed ongoing mental health

conditions, Autism Spectrum Disorder, Mild Cognitive Impairment, or dementia

were eligible. In addition, only subjects with a good record of study participation

on Prolific, namely previous approval rate of 90% or higher and a minimum of

50 submissions were recruited.

Fifty participants completed the session and reported good effort and data

quality. All participants gave informed consent prior to the study and were re-

imbursed for their time at the rate of £7.50/hour. Ten additional participants

returned the study before completion without payment and one additional par-

ticipant did not finish the study before the time limit without payment. Four

additional participants experienced technical difficulties after spending considerable

time and effort in the study and were reimbursed, but no data was obtained. One

person reported their data not of good quality and was excluded but reimbursed.

Ethical approval was granted via Medical Sciences Interdivisional Research Ethics

Committee (R76911/RE001).

Apparatus and Materials

The experiment was built in PsychoPy (V 2021.1.4) and uploaded to Pavlovia.org.

The online study was conducted in full screen on participants’ personal computer or

laptop via Internet browser, 40 participants completed the experiment on Windows,
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8 on a MacIntel system and 2 on other systems. Mean frame rate was 61.92 (SD=

18.92). The experimental session took approximately 40 minutes.

Stimuli. Stimuli were adapted from an air traffic controller task (Nelson et

al., 2014). Participants were presented with static stimuli resembling an airplane

radar that appeared in rapid succession on the screen (see Fig. 3.1). In each

trial, participants saw 4 black triangular shapes representing airplanes, one in each

quadrant of the circular radar. Either all airplanes were travelling in the same

direction, clockwise or anti-clockwise (congruent), or one of the four airplanes

travelled opposite the other 3 airplanes, clockwise or anti-clockwise (incongruent).

Half of the blocks featured only stimuli with four distractors spaced out between

the four airplanes, the other half was presented with additional distractor stimuli.

Distractors were black bird shapes of similar size as the airplanes. Participants

were instructed to respond to frequent congruent stimuli (89%) by pressing ‘b’

and to press ‘space’ for infrequent incongruent stimuli (11%) on their keyboard.

Sub-blocks were counter-balanced and randomised.

Thought Probes. A shortened version of the multi-dimensional experience

sampling (MDES) was administered between task sub-blocks to retrospectively

gain insight into the extend and content of thoughts reported during the task

block. Questions were rated on a discrete scale between 1 and 7 and addressed the

amount of on- and off-task thoughts and the intentionality, marking more off-task

thoughts and more spontaneous thoughts lower on the scale compared to more

on-task thoughts and deliberate MW (Poerio et al., 2017).

MW Probe. In addition, on- and off-task thoughts were rated by a single item

together with the experience sampling. The probe required a choice between five

types of thoughts: 1) being totally focused on the task, 2) task-related interferences,

3) external distractions, stimulus-independent, 4) zoning out/MW, and 5) Other

(Stawarczyk et al., 2011; Unsworth & McMillan, 2014). This rating was to control

for off-task thoughts not classified as MW.

Stanford Sleepiness Scale. Sleepiness was assessed as a subjective single-

item scale on the degree of perceived sleepiness at a specific moment in time rated
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Figure 3.1: Stimuli. Examples of the airplane radar stimuli including 4 airplane
shapes on a radar background. Within blocks, airplanes were either oriented in the same
direction either clockwise or anti-clockwise (congruent, 89%), or one airplane travelled
opposite the others either clockwise or anti-clockwise (incongruent, 11%)). Between
blocks, the distractor condition was manipulated.

between 1-“Feeling active and vital; alert; wide awake” and 7-“Almost in reverie;

sleep onset soon; lost struggle to remain awake” (Herscovitch & Broughton, 1981;

Hoddes et al., 1972). Sleepiness was assessed before the task and between blocks.

Motivation. With a single-item scale we assessed task motivation between 1-

“not motivated at all” and 7-“very motivated” before the task and with each MW

probe. Participants were asked to report “How motivated were you to perform well

on the task?” (Unsworth & McMillan, 2013).

Cognitive Failures Questionnaire (CFQ). Self-reported failures in percep-

tion, memory, and motor actions related to MW and lapses in attention were

assessed via CFQ (Broadbent et al., 1982). The total CFQ score consists of 25

items on a 5-point scale, where a higher total score indicates stronger tendencies

for difficulties in daily life.

Adult ADHD Self-Report Scale.The ASRS was assessed using 18 items
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Figure 3.2: Procedure. During the session, participants first completed the CFQ and
ASRS questionnaires, followed by rating their motivation and sleepiness before the 8
ACT blocks began. A block contained congruent (89%) and incongruent trials (11%) for
which participants pressed the respective keys on their keyboard (F and J). Task blocks
were either without or with distractor items in each trial and lasted either 60 or 90s
(randomised). After each task block, participants rated on-task behaviour, categorised
their thoughts in the MW probe, gave more details through the experience sampling, and
rated their motivation and sleepiness in the previous block.

rated on a 5-point scale. The ASRS questionnaire was used to assess individual

differences in daily behaviour related to ADHD in a healthy sample. Specifically,

the sub scale of inattention (ASRS IA) computed from the six first questions (part

A) was reported in this study (Kessler et al., 2005).

Data Quality Items. Using data quality items, the continued effort of online

participants to complete the experiment to the best of their abilities was assessed

to determine data that had to be excluded. The first exclusion criterion was when

participants reported data quality as bad at the end of the study. Secondly, quality

assessment items that were not part of the questionnaires and scales and were

added during the experiment instructing the participant to rate these items as “7”.

One control question was placed as item 23 within the CFQ questionnaire form,

and another one was placed within the thought probes at the end of each block.

Procedure

The study was advertised via Prolific and hosted on Qualtrics (Information

sheet, consent, demographics, CFQ and ASRS questionnaires) and on Pavlovia

(ACT, MW sampling, motivation, and sleepiness). After reading the study infor-

mation, participants gave consent online. All participants performed the same set
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of tasks and questionnaires, see Fig. 3.2. First CFQ and ASRS questionnaires were

filled out, followed by a practice of the ACT and MW reports. The ACT practice

was split into a slow practice of 20 trials with 6 s per stimulus and feedback (sets

of 5 trials with and without distractors) and a practice of 75 trials at expected

speed with 1 s per stimulus without feedback (sets of 9/10 trials with and without

distractors). Practice for the MW probe encompassed 10 example thoughts that

had to be categorised correctly, see Tab. B.1. Next, participants reported their

motivation and sleepiness at baseline and then completed 8 blocks of the ACT.

The blocks were randomised to either feature distractor stimuli in each trial or

no distractors at all and to either be 60s (30 stimuli) or 90s (45 stimuli) long.

Immediately after each ACT block, thought content and MW probes, motivation

and sleepiness ratings were taken. Thought probes always began with the on-task

rating followed by the MW probe, followed by the remaining items rating thought

content, motivation, and sleepiness. Participants were given the option of a short

break. At the end of 8 blocks, participants were thanked for participation and

automatically redirected to prolific for completion and payment of the study.A

completion code was displayed in case the redirection did not work. Participants

were reimbursed upon experimenter approval via prolific.

Data Analysis

All analyses were performed in R (Version 4.3.0) using custom scripts.

Outliers and Exclusion. For the ACT, individual blocks were excluded where

less than 40% of stimuli had been responded to or hit rate deviated more than 3

SD from the mean in any individual block. A valid button press occurred between

150ms and 1000ms after stimulus onset.

Attention Measures. Sustained attention was quantified using self-rated

scores from every-day life questionnaires and task performance.

Hit Rate. The hit rate during the ACT was calculated by dividing the number

of correct timely responses by the total number of stimuli in a given block.
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Coefficient of Variation (CoV). In this study we use the CoV as an

approximation for sustained attention fluctuations (Harty & Cohen Kadosh, 2019).

The CoV reflects response time variation over time and is calculated for all correct

responses in each task block (60s or 90s) and reflects the standard deviation (SD)

of response time controlled for mean response time: CoV = SDRT

meanRT
.

Linear Models. Mixed effect models were fit using the lmer function from

lme4 package from R when predicting continuous dependent variables, and using

glmer for generalised linear models (binomial and poisson). Ratings on a scale from

1 to 7 were treated as continuous predictors in the mixed models since the distance

between rating values could be assumed to be equal. All continuous predictor

variables were centered to avoid adverse effects of multicollinearity (increase in

type 2 errors due to correlation between covariates) between continuous interaction

terms resulting in all GVIF(1/(2*df)) <2, or VIF<3 which are conservative thresholds

used in the literature (Fox & Monette, 1992; Zuur et al., 2010). A type-III test was

run for each model to examine the significance of joint effects for all the variables in

the model using F-statistics for continuous predictors and Chi-square statistics for

generalised linear models. This is more suitable for complex models than reporting

the fixed effects calculated for each effect independent of the other variables in

the model. All models were initially formulated as full models with ID as random

effect, and the respective predictors as random slopes. The models were then

reduced in R by estimating the explained variance of the random effects and slopes

and confirming whether the reduced model was not significantly different from the

initial model using a Chi2 test (anova package). In case of a remaining singular

fit, the model complexity was further reduced, by eliminating random effects,

slopes and fixed effect interactions according to least variance explained. Model

performance was reported via R2 statistics (adjusted for linear and generalised

linear models and conditional for mixed effect models). Post hoc effects and trends

were reported using emmeans.
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3.1.3 Results

Sample

The final sample included 43 participants (age 19-35, M = 27.37, SD= 4.6, 24

female). Of the initial 50 completed data sets, 4 participants were excluded due to

failing more than 60% of the data quality checks (total 9 questions). Furthermore,

3 participants that responded to less than 75% of total trials throughout the

experiment were excluded.

Performance and Task Manipulation
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Figure 3.3: T-test results. a. Mean hit rate did not significantly differ in blocks with
distractor absent compared to blocks with distractor present. b. Mean hit rate in shorter
blocks (60s) was significantly greater than in longer blocks (90s). Error bars signifying
standard error of the mean. Significance marked by **: p < .01.

Data of 21 experimental blocks (6.1%) from 10 participants were removed due to

low total responses given (<40%) or low performance (hit rate deviated more than

3 SD). Out of the included participants, no additional participant was excluded
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for 4 or more excluded blocks throughout the session. Participants mean hit rate

was 70% (SD=16) and CoV was M= 0.19 (SD= 0.1). Details on the distribution

of response times and hit rate can be found in Fig. B.1

As shown in Fig. 3.3 b, performance in shorter blocks (M= 0.73, SD= 0.17)

was significantly better than in longer blocks (M= 0.71, SD= 0.18), t(42) =2.57,

p= 0.007, d= 0.39 suggesting that a difference of 30 s in block duration had an

verifiable impact on performance.

Hit rate was higher in the non-distractor condition (M= 0.73, SD= 0.18)

compared to the distractor condition (M= 0.71, SD= 0.17) but the difference

was not significant, although it showed the expected trend (t(42) =1.42, p= 0.082,

d= 0.22), indicating that the distractor condition designed as more demanding

was not different enough to the visually more monotone non-distractor condition

(see Fig. 3.3 a).

Table 3.1: Correlating Sustained Attention Measures

Variable CoV Hit Rate On-task Rating Motivation Sleepiness ASRS (IA) CFQ

CoV 1.00

Hit Rate -0.13 1.00

On-task Rating -0.40** 0.06 1.00

Motivation -0.40** 0.06 0.82*** 1.00

Sleepiness 0.41** -0.03 -0.71*** -0.67*** 1.00

ASRS (IA) -0.00 -0.10 -0.15 -0.27 0.33* 1.00

CFQ 0.11 -0.13 -0.21 -0.28 0.27 0.82*** 1.00

Notes. Spearman correlation coefficients between all mean outcome measures.

Significance is marked as ***: p <.001, **: p <.01, *: p <.05.

For later analyses, we correlated the main outcome variables (see Tab. 3.1).

In this sample, participants’ CoV correlated negatively with how well they rated

their task focus, motivation and positively with sleepiness, indicating most stable

performance co-occurred when participants were on-task, motivated and feeling

most awake. Motivation and sleepiness, as well as ASRS IA and CFQ scores,
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correlated highly with one another. In addition, ASRS IA correlated significantly

with sleepiness scores. However, there were no other significant correlations be-

tween questionnaire scores and task-scores, or -ratings or hit rate and other ex-

perimental measures.

For correlating variables in the following mixed effect models, I’m using centered

variables to reduce multicollinearity.

Preregistered Analyses

First, I examined whether task performance could predict participants’ subjec-

tive ratings of being focused on the task and rating their thoughts as MW (Hy-

potheses 1.1 and 1.2). Then, I used everyday life questionnaires (CFQ and ASRS

IA) to predict mean task performance (Hypotheses 2.1 and 2.2) and mean rating

of MW (Hypotheses 3.1 and 3.2) in interaction with the intention to mind wander.

Task Ratings vs. Task Performance. Since the preregistered mixed model

resulted in a singular fit, the random effects were removed and a generalised linear

model was fit using a poisson distribution. The results (see Tab. B.2) suggested

a significant main effect of motivation (p= <.001) with a slope of β= 0.09 (SE=

0.02, 95%CI= [0.05, 0.13], adjusted R2= 0.53), see Fig. 3.4. Contrary to the

prediction, there was no significant effect of CoV, although it followed the expected

trend (p= 0.101).

Furthermore, I ran the same model predicting MW including random slopes for

CoV, distractor, and block duration. However, the reduced model only including

one random effect of subject over fitted the data and was further reduced as a

generalised linear model without random effects. Apart from a main effect of

motivation (p= <.001) with a slope of β= -1.63 (SE= 0.31, 95%CI= [-2.25, -1.01],

and a main effect of sleepiness (p= <.001) with a slope of β= 0.92 (SE= 0.26,

95%CI= [0.42, 1.42], see Fig. 3.5), no predictors were significant when predicting

participants’ MW reports (R2= 0.58). Contrary to the prediction, CoV did not

predict the amount of MW during task blocks (p= 0.57), see Tab. B.3.
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Figure 3.4: Task motivation rated between 1 and 7 (1 = not motivated, 7 = completely
motivated) predicted participants’ ratings on how well they perceived themselves to be
focused on the task, on a scale from 1 to 7 (1 = completely off-task, 7= completely on-
task), p <.001. The shaded area represents the 95% confidence interval of the estimates.
Predicted task focus values are displayed in blue.

Task Performance and Rating vs. Questionnaires. To examine whether

the ACT paradigm reflects attention skill in daily life, CFQ (adjusted R2= 0.39,

see Tab. B.4) and ASRS IA responses (adjusted R2= 0.4, see Tab. B.5) were used

to predict mean response variability during the task. In both models, the only

significant effect on CoV were sleepiness ratings during the task suggesting that

self-perceived attention skills extracted from the CFQ (p= <.001) with a slope

of β= 0.05 (SE= 0.01, 95%CI= [0.03, 0.07]) and the ASRS IA (p= <.001) with

a slope of β= 0.05 (SE= 0.01, 95%CI= [0.03, 0.07]) did not predict performance

on the ACT in this sample.

To examine whether MW during the ACT reflected attention skill in daily life,

CFQ (adjusted R2= 0.41, see Tab. B.6) and ASRS (IA) scores (adjusted R2= 0.37,

see Tab. B.7) were used to predict mean MW ratings during the task. In both

models, the effect of questionnaire on MW was not significant, suggesting that the

amount that participants reported themselves to mind wander during the ACT was

not significantly predicted by self-perceived attention in every day life. However,

the intention to mind wander predicted the amount of MW in the model including
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Figure 3.5: MW rating (0 = totally focused on the current task, 1 = zoning out/MW)
was predicted by motivation a) and sleepiness b) in this generalised linear model. a.
Higher motivation during the previous task block predicted less MW ratings than on-
task ratings. b. In contrary, greater sleepiness predicted more MW ratings than on-
task thoughts. The shaded areas represent the 95% confidence interval of the estimates.
Predicted MW values are displayed in blue.

ASRS IA (p= 0.025) with a slope of β= -0.1 (SE= 0.04, 95%CI= [-0.2, -0.01]),

but not in the model including CFQ (p= 0.052) with a slope of β= -0.09 (SE=

0.04, 95%CI= [-0.18, 0.001]), indicating that high levels of MW were associated

with a reduced intention to mind wander. No effects of motivation or sleepiness

were significant in either model.

Exploratory Analyses

MW Intention. To explore further, whether the effect of MW intention on

MW ratings was significant without the influence of CFQ or ASRS (IA), the previ-

ous regression model was reformulated as a mixed effect model including only MW

intention, motivation and sleepiness (adjusted R2= 0.65, see Tab. 3.2). Random

slopes were reduced to avoid over-fitting. Here, the intention to mind wander also
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predicted the amount of MW (p= <.001). This indicated that whether thoughts

were more spontaneous or more deliberate had an impact on the amount that MW.

Table 3.2: MW Predicted by Intention to Mind Wander

model term Chi-square df p

MW Intention 33.71 1 <.001

Motivation 32.21 1 <.001

Sleepiness 0.78 1 0.378

The Table shows the joint test for the mixed model mean
MW report ~ MW intention + motivation + sleepiness+ (1|
subject) predicting MW by intention to mind wander.

Hit Rate. I explored the effects of the task conditions on hit rate to understand

whether task manipulations, i.e. block duration and distractor condition could

predict a change in accuracy (conditional R2= 0.67). The full model was reduced

to avoid random slopes with 0 variance and a singular fit. The result showed no

significant main effect of distractor (p= 0.054) on hit rate, see Tab. B.8. This result

indicated that the difference in accuracy between distractor and non-distractor

blocks was too small to be found significant in this sample.

Response Variability. Next, I explored the effects of the task conditions

on CoV to understand whether responses would become more variable with or

without distractors, in longer or shorter blocks or with time on task (conditional

R2= 0.71), see model results in Tab. B.9.

Main effects of block duration (p= 0.017) with a mean CoV of 0.17 (SE= 0.01,

95%CI= [0.15, 0.19]) in shorter blocks compared to longer blocks with a mean

CoV of M=0.18 (SE= 0.01, 95%CI= [0.16, 0.2]), and a main effect of sleepiness

(p= <.001) with a slope of β= 0.02 (SE= 0, 95%CI= [0.01, 0.03]) were significant,

see Fig. 3.6. Additionally, the interaction between block duration and distractor

condition was significant (p= 0.031), see Fig. 3.7. Mean CoV in non-distractor

blocks was higher in longer blocks M=(0.19 , SE= 0.01, 95%CI= [0.17, 0.21])

compared to shorter blocks M=(0.17, SE= 0.01, 95%CI= [0.15, 0.19]), but similar
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Figure 3.6: Sleepiness rated between 1 and 7 (1 = feeling active/vital/alert, 7 =
sleepy/woozy/fighting sleep) predicted CoV during the task, with higher variability in
responses when sleepiness was rated high (p <.001). The shaded areas represent the 95%
confidence interval of the estimates. Predicted CoV values are displayed in blue.
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Figure 3.7: There was an interaction of block duration (60s or 90s) and distractor
condition (absent or present) when predicting CoV during the task. CoV was higher in
longer, non-distractor blocks compared to shorter, non-distractor blocks. CoV was also
higher in non-distractor blocks compared to distractor blocks but only for long blocks
(90s). Error bars signifying standard error of the mean. Significance marked by **: p <
.01, *: p < .05.
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in distractor blocks for short M=(0.17), SE= 0.01, 95%CI= [0.15, 0.19]) and long

blocks (M=0.17, SE= 0.01, 95%CI= [0.15, 0.2]). This result demonstrated that

when distractors were absent, performance was better in shorter than longer blocks.

When blocks were longer, performance was better in more complex blocks.

3.1.4 Summary Study 1

An exploratory analysis revealed that an interaction between the duration of blocks

and the distractor condition predicted a difference in response variability. CoV

was worse in longer compared to shorter non-distractor blocks. Most importantly,

performance was worse in non-distractor blocks compared to distractor blocks but

only for blocks lasting 90s. In addition, CoV was predicted by sleepiness. These

effects were not mirrored by hit rate. Although a t-test revealed more accurate

responses in shorter (60s) compared to longer blocks (90s), the main effect was not

significant in the exploratory mixed effect model. There was a trend of better hit

rate in non-distractor compared to distractor blocks, but there was no significant

difference in a t-test or the exploratory moderation analysis. This indicated that

accuracy of performance was not significantly affected by the task manipulation.

Compared to hit rate, these result could indicate that CoV was more sensitive

to capture differences in performance on the task in an unexpected direction. The

discrepancy could suggest that the ACT with and without distractors was similarly

difficult to accurately respond to but it was more difficult to respond consistently

when no distractors were present.

Differently to the predictions, MW reports were not predicted by task manipu-

lation or performance, sleepiness and motivation but motivation was a significant

predictor for how task-focused (including task-related and external distractions)

participants rated themselves during task blocks. In addition, exploratory results

showed that spontaneity of thoughts was predictive of MW. However, the CFQ

and ASRS (IA) did not predict task performance or whether participants were

MW during the task.
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The current study was the first to adopt the SART-like airplane task to compare

continuous performance in monotone and complex search environments directly to

one another. Yet, differences between all task conditions were relatively small, and

there were no effects of block, suggesting no improvement or decline of performance

over time in the relatively short task. It is possible that randomising the distractor

and non-distractor blocks might have had a stimulating impact on participants’

ability to stay on task.

3.2 Study 2

In Study 2, I planned small adjustments to increase the differences in experimental

conditions while keeping the task short enough for online participants to stay

motivated to complete it. The study was carried out to replicate the results of

the first study in a new sample. The visual stimuli were altered to make the

airplanes and birds more difficult to distinguish in the distractor condition. Blocks

were administered for a longer time to increase the amount of trials and the chances

for off-task thoughts including MW. Furthermore, blocks for each condition were

administered sequentially, only randomising whether participants started with 4

distractor or 4 non-distractor blocks. This change was made to increase any effects

of condition across blocks. The effect of order was added as an additional covariate

in all relevant analyses.

3.2.1 Preregistered Hypotheses

In this online study we planned to replicate the results of Study 1, using the same

online attention task, with minor adaptations, in a new sample of healthy adults.

There were three main hypotheses regarding hit rate, CoV and on-task rating.

1. Performance measured by hit rate was expected to be more accurate when

distractors were absent compared to when they were present in the ACT.

Study 1 showed a non-significant decrease in performance with introduction of

distractors, although with a p-value close to significance, which was expected
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to be amplified by the introduction of more similar airplane stimuli to the

distractor shapes. Furthermore, more data collected via longer blocks was

predicted to show a significant difference when predicting hit rate. Similarly,

it was expected to find significantly better performance in shorter (90s) than

in longer blocks (180s) due to the sustained attention component.

2. Based on the results of Study 1, response variability was predicted to be

lower in longer compared to shorter blocks and CoV was expected to show an

interaction between distractor and non-distractor blocks such that response

variability is greater during the more monotonous task condition. I also

expected to see an effect of block showing an increased CoV over time on

task.

3. On-task ratings were predicted to decrease with larger CoV during the ACT

and with time-on-task based on changes made to the task. Time-on-task was

increased overall in this replication study using longer task blocks and was

expected to have an impact on the reported task focus. In Study 1, CoV was

not significantly predictive of the rating but had a p-value relatively close to

significance.

3.2.2 Methods

Methods of Study 2 are largely identical to Study 1 with few minor adaptations as

outlined in this section. The study was preregistered (10.17605/OSF.IO/2A6S8)

on <https://osf.io/2a6s8>.

Participants

The recruitment and inclusion process was identical to Study 1. A total of 74

participants from an estimated pool of 2,874 eligible registered users completed the

online study. All participants gave informed consent prior to the study. Ethical

approval was granted via Medical Sciences Interdivisional Research Ethics Com-

mittee (R76909/RE001).
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Figure 3.8: Stimuli. Examples of the adapted airplane radar stimuli including 4 airplane
icons on a radar background either flying in the same direction (congruent - 89%) or one
plane deviating from the flight direction (incongruent - 11%). Left: Monotone blocks only
displayed 4 airplanes without distractor birds and at a stable position of the airplanes
(no airplane at 12 o’clock). Centre and Right: Complex trials featured the 4 airplanes
with distractors in between airplanes and randomised positioning (airplanes/birds at 12
o’clock).

Apparatus and Materials

The experiment was built in PsychoPy (V 2021.1.4) and uploaded to Pavlovia.org.

The online study was displayed in full screen on participants’ personal computer or

laptop via Internet browser and took approximately 40 minutes. 29 participants

completed the experiment on Windows, 12 on a MacIntel system and 4 on Linux.

Mean frame rate was 63.62 (SD= 31.08).

Stimuli. Stimuli from Study 1 were visually refined by exchanging the tri-

angular abstract airplane shape with a more life-like airplane icon, similar to the

birds used as distractors. Different to Study 1, the positions of the distractors

and airplanes in the distractor condition were alternating and evenly spaced with

either an airplane or a bird icon positioned on 12 o’clock of the radar. Congruency,

randomisation and responses remained the same as in Study 1.

Questionnaire items. All other materials (CFQ, ASRS, thought and MW probes,

sleepiness, motivation, and data quality assessments) were the same as described in

Study 1.

Procedure

The experimental session structure remained the same with exception of prac-

tice trials, block order randomisation, and block duration. Practice trials in the
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ACT were shortened to a slow practice of 10 trials with 6 s per stimulus and

feedback (sets of 5 trials with and without distractors) and a practice of 45 trials

at expected speed with 1 s per stimulus without feedback (sets of 22/23 trials with

and without distractors). Block order was not fully randomised, but 4 consecutive

non-distractor blocks and 4 consecutive distractor blocks were presented for each

participant with starting block randomised instead. Block duration was increased

from the previous 60s and 90s, to 90s (short; 45 stimuli) and 180s (long; 90 stimuli).

Data Analysis

The analysis was performed using mixed effect models and linear models as

described in Study 1. To correct for any effects of block order, the starting blocks

were entered as covariate in models investigating task manipulations.

3.2.3 Results

Sample

Out of the 74 collected participants, 2 reported insufficient data quality or did

not pass the data quality checks, a further 25 responded to less than 75% of total

trials. In addition, 2 participants had more than 4 out of 8 task blocks excluded

since less than 40% of trials were available or hit rate deviated by more than 3

standard deviations. The final sample included 45 participants (age 19-35, M =

27.8, SD= 4.46, 29 female).

Performance and Task Manipulation

Data of 65 experimental blocks (18.06%) from 31 participants were removed

due to low total responses given (<40%) or low performance (hit rate deviated

more than 3 SD). Participants’ mean hit rate was 80% (M= 0.8, SD=0.11) and

CoV was M= 0.19 (SD= 0.1). As shown in Fig. 3.9 a), hit rate was significantly

higher (t(42) =1.7, p= 0.049, d= 0.26) in the non-distractor condition (M= 0.81,

SD= 0.11) compared to the distractor condition (M= 0.79, SD= 0.12) indicating

that the distractor condition in Study 2 was, as designed, more demanding than

the non-distractor condition.
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Figure 3.9: T-test results. a. The mean hit rate was significantly greater in blocks with
distractor absent than in blocks with distractor present. b. The mean hit rate in shorter
blocks (90s) was significantly greater than in longer blocks (180s). Error bars signifying
standard error of the mean. Significance marked by *: p < .05.

Details on the distribution of response times and hit rate can be found in Fig.

B.2

As in Study 1, performance in shorter blocks (M= 0.81, SD= 0.11) was sig-

nificantly better than in longer blocks (M= 0.8, SD= 0.12), t(44) =2.31, p=

0.013, d= 0.52 (see Fig. 3.9 b).

Table 3.3: Correlating Sustained Attention Measures

Variable CoV Hit Rate On-task Rating Motivation Sleepiness ASRS (IA) CFQ

CoV 1.00

Hit Rate -0.37* 1.00

On-task Rating -0.04 0.11 1.00

Motivation -0.05 0.20 0.47*** 1.00

Sleepiness -0.11 -0.07 -0.20 -0.71*** 1.00
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Table 3.3: Correlating Sustained Attention Measures

Variable CoV Hit Rate On-task Rating Motivation Sleepiness ASRS (IA) CFQ

ASRS (IA) 0.17 -0.03 -0.10 -0.38** 0.44** 1.00

CFQ 0.02 0.04 0.09 -0.23 0.38** 0.65*** 1.00

Notes. Spearman correlation coefficients between all mean outcome measures.

Significance is marked as ***: p <.001, **: p <.01, *: p <.05.

Several of the main outcome variables were correlated with one another (see

Tab. 3.3), which was taken into account by centering variables in later linear

models to reduce multicollinearity. Performance in the ACT measured by CoV

and hit rate correlated, but on-task ratings correlated with motivation. Motivation

and sleepiness were correlated as well as ASRS (IA) with CFQ scores. In addition,

sleepiness was correlated with both questionnaire ratings (ASRS IA, CFQ), but

motivation only with ASRS (IA) scores.

Preregistered Analyses

To examine the hypotheses, mixed effect models predicted hit rate (Hypoth-

esis 1), CoV (Hypothesis 2), and on-task ratings (Hypothesis 3) by distractor,

block duration and block. I additionally predicted on-task ratings by CoV in

the same model.

Hit Rate. I predicted that block duration and distractor condition would affect

hit rate in the ACT. Task block was not predicted to affect hit rate initially, but

was added into the tested model to account for any variability explained by block,

especially since blocks were longer than in Study 1 and not randomised in order.

The model (conditional R2= 0.69) revealed main effects of distractor (p= 0.001)

and block with block 1 serving as the reference (p= <.001) on hit rate, see Tab.

B.10. There was also an interaction of block with block duration (p= 0.004). As

seen in Fig. 3.10, hit rate was higher in non-distractor blocks with a mean of

M=0.83 (SE= 0.01, 95%CI= [0.81, 0.85]) than in distractor blocks (M=0.8, SE=

0.01, 95%CI= [0.77, 0.82]). The interaction between blocks and block duration
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Figure 3.10: Distractor condition significantly predicted hit rate in the task (p = .001).
The figure shows a higher predicted hit rate when distractors were absent compared to
when they were present. Error bars represent the standard error of the mean estimates.
Significance marked by **: p<.01.

revealed significantly better performance in shorter (90s) blocks 2 and 6 compared

to the longer block (180s), and worse performance in the shorter compared to

longer block 5, Fig. 3.11. Since block 5 was the first block with the new distractor

condition it is possible that participants had more time to adapt and learn the

new condition and hence perform overall better in the longer block. A drop in

performance in block 2 and 6 for only long blocks after each new condition was

introduced (blocks 1 and 5) might be due to on-setting boredom and fatigue after

sufficient practice of the new condition.

Response Variability. As shown in Tab. B.11 there was main effect of

distractor (p= <.001) when predicting performance measured by CoV (condi-

tional R2= 0.79).

Opposite to the direction of hit rate, CoV was higher (indicating worse per-

formance) in non-distractor blocks with a mean of M=0.19 (SE= 0.01, 95%CI=

[0.17, 0.21]) compared to distractor blocks (M=0.17 (SE= 0.01, 95%CI= [0.15,

0.19]), see Fig. 3.12. This result replicated Study 1, showing that in blocks of

90s or longer, participants are less accurate when predictors are present but at
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Figure 3.11: There was an interaction (p = .031) of block duration (90s or 180s) and
blocks (1 to 8). In block 2 and 6, predicted hit rate was higher for shorter compared to
longer blocks. However, in block 5, hit rate was greater for longer block compared to the
shorter ones. Error bars signifying standard error of the mean. Significance marked by
*: p<.05, **: p<0.01.

the same time have a more stable performance with distractors compared to the

more monotone version of the task.

On-Task Behaviour. I investigated the effect of CoV and blocks on On-task

ratings in the ACT in the same mixed model.

Contrary to the predictions, on-task ratings were not predicted by blocks or CoV

(conditional R2= 0.7), see Tab. B.12. There was only a main effect for motivation

(p= <.001) with a slope of (β= 0.21 (SE= 0.04, 95%CI= [0.13, 0.28]), see Fig. 3.13.

3.2.4 Summary Study 2

More participants and task blocks had to be excluded but the average hit rate was

better in Study 2. As predicted, t-tests revealed significant differences between

shorter (90s) and longer task blocks (180s), as well as between distractor and non-
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Figure 3.12: Distractor condition significantly predicted CoV in the task (p < .001).
The figure shows a higher predicted CoV when distractors were absent compared to when
they were present. Error bars represent the standard error of the mean estimates. Error
bars signifying standard error of the mean. Significance marked by ***: p <.001.
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Figure 3.13: Task motivation rated between 1 and 7 (1 = not motivated, 7 = completely
motivated) predicted participants’ ratings on how well they perceived themselves to be
focused on the task, on a scale from 1 to 7 (1 = completely off-task, 7= completely on-
task), p <.001. The shaded area represents the 95% confidence interval of the estimates.
Predicted task focus values are displayed in blue.

75



3. The Effects of Task Complexity on Behavioural Indices of Sustained Attention
and Mind-Wandering

distractor blocks, where the mean hit rate was better in short blocks and blocks

without distractors. This main effect of task complexity was confirmed in the

mixed model as expected. Further analysis predicted an interaction between task

duration and block, hit rate was better in shorter blocks 2 and 6 compared to longer

blocks. In contrast, lower hit rate was predicted for the shorter block 5 compared

to the longer one. Since for all participants, the task complexity changed after the

first 4 blocks, these results indicated that task switching impacted performance at

the beginning of the block but evened out when participants had longer time to

practice in block 5. However, blocks 2 and 6 were more accurate when performed

for a shorter time, compared to the longer block condition. It is possible that

the first block of each condition was sufficient to adapt performance, and that

if the following block was longer, participants required more effort to keep up

performance than when it was shorter.

Although, CoV and hit rate were significantly correlated across both task

conditions, the results of CoV suggested a similar trend to Study 1, confirming

that in blocks of 90s or longer, CoV was significantly higher when no distractors

were present compared to the more demanding distractor condition, confirming an

opposite effect of the task complexity on CoV compared to hit rate. The effect

of block was not significant and there was no interaction with block duration,

indicating no significant difference between blocks lasting 90s and blocks of 180s.

Different to the expectation, on-task rating was not predicted by blocks or

CoV, but as in Study 1 by motivation only, suggesting that ratings depended

on how motivated participants felt to perform the task. Since motivation was

retrospectively rated together with other questions and probes after each block, it is

possible that the subjective impression of how well a participant performed had an

impact on how they rated their task-focus and motivation for the preceding block.
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3.3 Discussion

Overall, the results from Study 2 mirrored those of Study 1 in a comparable sample.

In both studies, hit rates were numerically lower in blocks containing distractors

compared to those without, although the t-tests and mixed effect models only

reached significance in Study 2. These findings suggest that the more complex task

condition impaired participants’ performance in the ACT when the stimuli and

block durations were modified for Study 2. Furthermore, there was an advantage

of hit rate for shorter blocks compared to longer blocks (60s vs. 90s in Study 1; 90s

vs. 180s in Study 2). However, as a main effect in the moderation analysis, this

was only significant in Study 2. Furthermore, an interaction with block revealed

a more complex relationship, where performance detriments in longer blocks may

be attributed to task switching costs.

Interestingly, in both studies for blocks lasting 90s or longer, response variability

was higher when distractors were present compared to the non-distractor condition,

contrasting the effect on hit rate. While accuracy was higher in the less complex

condition, response times were more inconsistent, indicating poorer performance,

than when distractors were displayed.

Both studies revealed that motivation predicted on-task ratings but not task

performance. Sleepiness was only a predictor for CoV in Study 1. Furthermore,

questionnaires assessing real-world sustained attention did not demonstrate any

predictive value for performance in the online task or the occurrence of MW during

the task in Study 1 and were not assessed in Study 2.

Overall, the chapter demonstrated that intricate differences in behavioural

scores of sustained attention were differentiated and replicated in two online stud-

ies.
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3.3.1 Behavioural Representation of Arousal and Cognitive
Control

I found some evidence for better accuracy for the less complex task condition,

compared to the distractor condition, which is consistent with Alnæs et al. (2014)

who found correctly identified targets decreased with higher attentional load, and

with Martínez-Pérez et al. (2023) where task demand was manipulated via the

proportion of go-trials. However, one differences is that in the current studies, the

amount of stimuli and responses did not increase with higher task complexity, but

only the amount of visual elements on the screen distracting from the targets. In

contrast, Molloy & Parasuraman (1996) demonstrated faster response times along

with more false alarms in a simple task compared to more complex task conditions,

indicating a shift in speed accuracy trade-off. Participants of the current studies

were instructed to respond as accurately as possible within the 1 s time-window

when stimuli were visible. One possibility is that in distractor trials, participants

shifted their decision threshold for an accurate response due to the limited time

resulting in less accurate button presses.

The distributions of response time and hit rate are not directly indicative of a

speed–accuracy trade-off, which assumes that slower responses are more accurate

and faster responses are less accurate. In this study, participants responded more

quickly and achieved higher hit rates without distractors compared to distractor

trials. CoV indicated greater stability of responses during the distractor search

which could have resulted from a narrower distribution of response times, however,

the response time distributions in both task conditions appear to have a similar

width. Both distributions were negatively skewed, but less in the simple vs. distrac-

tor search. The shift towards the upper bound of response times in the distractor

condition might have driven the accuracy to lower, as less responses might have

been made within the response interval, in line with the greater skewness. If

this affected CoV values, it would be expected that less responses lead to greater

variability in the distractor search, but the opposite was found here. However,

kurtosis indicated less variability for most response times which might have affected
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CoV. This suggests that increased task difficulty led to slower responses and time

pressure may have prevented accurate responses in more trials. Although the

pattern of reaction times is not in line with a speed-accuracy trade-off, some

variability in CoV might have been explained by the difference of the spread in

response times around the mean.

Overall, CoV and hit rate were significantly correlated in Study 2, suggesting

that more accurate responses were associated with stable response times. This

is in line with previous literature, which showed more commission and omission

errors during phases of higher response variability (Esterman et al., 2013). In

addition, Fortenbaugh et al. (2015) found that response variability and sensitivity

(an accuracy-based score) in a gradCPT measured a common latent variable in a

large online sample. These results were shown in a gradual and monotonous task

with longer response intervals than in the current design.

When analysing the effects between monotone and complex task blocks, I found

that in contrast to hit rate, CoV was more stable during the complex task in my

studies. The opposing results of hit rate and CoV could indicate that responding

accurately and consistently were two separate processes within the ACT when

comparing low to high demand conditions.

This assumption is consistent with current theories of arousal. For example, it

is possible that a more visually engaging task facilitated consistent performance,

since higher energetic arousal (correlated with autonomic arousal; Thayer (1990))

can boost performance Matthews & Davies (2001). While a group with higher

arousal showed reduced reaction times compared to those with lower arousal, the

effect of arousal on sensitivity was specifically in a more difficult task, indicating

that when stimuli were more degraded, those with lower levels of arousal performed

worse on the task then those with higher arousal level (Matthews & Davies, 2001).

The authors concluded that for higher levels of stimulus degradation, low energetic

arousal impacted performance due to increased attentional complexity, while task

demands stayed the same.
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It is possible that through the addition of distractors in the ACT, monitoring the

airplanes required a more complex search strategy, not only increasing attentional

monitoring but also cognitive control requirements. In line with this, Demeter et al.

(2011) found that a visual distractor increased attentional control demands which

were hypothesised to be separate from motivation or arousal-related changes.

Together this suggests that the ACT paradigm revealed behavioural changes

based on task complexity, consistent with underlying arousal and cognitive control

demands. In support of this notion, Kondo et al. (2023) suggested that continuous

performance tasks demand not only maintenance of accurate performance but also

control processes to maintain a speed-accuracy trade-off associated with fronto-

parietal attention network activity. Here, response variability benefited when the

task was more visually complex, contrasting previous literature that suggested a

link to cognitive control and response inhibition processes (Johnson et al., 2007;

Kondo et al., 2023; Stevenson et al., 2011). My results suggested that hit rate

was affected more by the increased control demands and reflected a potential

shift in speed-accuracy trade-off when distractors were present, resulting in worse

performance than when the task was less visually complex. In support of these

results, O’Connell et al. (2008) argued that lapses of attention, measured via

errors could reflect failures of cognitive control, whereas variability of response

times co-occurred with changes in arousal over time.

3.3.2 Linking Cognitive State and Trait Attention

Task performance and task focus, as well as MW specifically were not associated

with each other in the current studies which is in line with Walker & Trick (2018)

who found that MW was not related to SART performance but predicted only

by sleep duration in the previous night. While a potential link between sustained

attention and MW has been suggested, my results support the idea that these

processes are distinct (Jin et al., 2020).

Furthermore, I could not replicate an interactive effect between task complexity

and unintentional MW that was found in Martínez-Pérez et al. (2021). MW

80



3. The Effects of Task Complexity on Behavioural Indices of Sustained Attention
and Mind-Wandering

was not predicted by other behavioural measures or task manipulations. However,

thought probes including off-task thoughts (MW and distractions) revealed more

on-task thoughts when motivation was higher in both studies, which stands in

contrast with Strayer et al. (2023) who found that setting a specific goal, improved

performance but did not affect task-unrelated thoughts.

Since motivation was assessed together with thought probes, it is possible that

participants were biased in their responses reporting to be more motivated when

they believed to have been more focused. Yet, this is unlikely since on-task reports

were not associated with better task performance and reports of sleepiness did not

follow the same pattern as motivation. Sleepiness, predicted CoV in Study 1 but

not in Study 2 which could indicate a weak effect that did not replicate with more

available data and overall longer task blocks. A previous study found that SART

performance was less affected by fatigue when go frequency was low, compared

to the more difficult high-go version, and in line with my results, task unrelated

thoughts were not predicted by sleepiness (Stevenson et al., 2011).

There was no indication that the ACT performance or thought probes reflected

everyday ratings of cognitive failures and ADHD symptoms. A reliable association

between SART performance and CFQ responses has been proposed (Smilek et al.,

2010), but Schepers et al. (2023) only found this effect in a sample of employees

and not in students, which is consistent with the current results.

Overall, there was no evidence for an association between ACT performance

and subjective ratings of every-day life attention, as well as MW, motivation, and

sleepiness reported after the task blocks. Ratings of task-focused thoughts was

predicted by the motivation to perform the task.

3.3.3 Limitations and Future Research

The ACT paradigm that was adapted for the current online studies has similarities

with SART paradigms and, differently from gradual monitoring tasks, has been

suggested to be less monotonous through the abrupt onset and offset of discrete

trials that tap into alertness component of sustained attention (Esterman et al.,

81



3. The Effects of Task Complexity on Behavioural Indices of Sustained Attention
and Mind-Wandering

2013). In addition, a component of response inhibition has been proposed to play

a role in many go/no-go paradigms (Stevenson et al., 2011). However, in order

to distinguish the two complexity conditions, for the monotone task there were

regular and predictable timing of trial onsets and location of stimuli, whereas in

the more difficult condition, distractors were introduced to make the target search

more difficult and stimuli were in unpredictable locations in Study 2. This was

supported by the result indicating difference in accuracy between these conditions.

One advantage of the design is that it administered high and low demand conditions

within the same task. Many environments that require sustained attention, for

example surveillance and air traffic control, demand the monitoring of complex

data and busy visual displays which is mimicked in the current studies (Donald,

2008). Future research should investigate direct links between performance on the

ACT and markers of cognitive control and arousal.

The paradigm was run entirely online and for that reason conservative with the

length of task blocks, and only data that passed intermittent attention checks and

were self-reported as good quality were analysed here. Greater effects might be

confirmed in a lab-based study with longer block durations. Yet, the interaction

between block duration and complexity which was present in blocks of 60s vs. 90s,

was eliminated after 90s, indicating that the effects of task condition on response

variability remained stable for blocks of 90s or longer. Since no relationship of

performance with MW or off-task thoughts could be confirmed, future studies might

consider less frequent task probes to allow for more task disengagement.

Another effect of shorter time on task in combination with task complexity

might have been that general arousal levels were high during both task versions

which might have reduced MW overall. States of arousal measured via pupil

dynamics have been linked to changes between task focus, MW, and distractions

(Unsworth & Robison, 2018).
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3.3.4 Conclusion

The current studies demonstrated differences in task performance during more

monotonous compared to complex environments in an online paradigm. While

the absence of distractors improved accuracy, the opposite was true for response

variability. More consistent responses were facilitated by the presence of distractors

in longer blocks. However, task performance did not predict the amount of MW

or off-task thoughts reported to have occurred during the task.
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Abstract

Maintenance of sustained attention requires optimal arousal levels, which de-

pend on locus coeruleus (LC) noradrenergic projections in conjunction with top-

down attentional control. A commonly found marker of these mechanisms has

been pupil dynamics, such as pupil dilation and eye blinks. Sustained attention

demands can be manipulated via varying difficulty and monotony. Suboptimal

sustained attention is characterised by less accurate and more variable responses.

In addition, task disengagement leads to thoughts focused externally, leading to

distractions or internally, which is also called mind-wandering (MW).

Here, I used a single task design to examine the relationship between sustained

attention performance, MW, and pupil markers of arousal and cognitive control

under varying task demands. Healthy young adults (N=39) completed the Cog-

nitive Failures Questionnaire (CFQ), Adult ADHD Self-Report Scale (ASRS) and

an airplane control task (ACT) to measure sustained attention with distractors

present and absent. To capture level of task focus, attentional state, and level of

sleepiness and motivation to perform well on the ACT, I recorded pupil size, the

number and duration of eye blinks during the ACT. In addition, I also included

thought probes after ACT blocks to quantify MW.

Distractors increased task demands along with a decrease in accuracy and

reduced response variability. Smaller pupil size was predictive of higher accuracy

and marked reduced task demand in the ACT. Interestingly, pupil size could

distinguish between different attentional states, with smallest pupil size during

MW compared to focused thoughts. Higher CFQ scores were associated with

longer eye blinks during the ACT.

The results indicated that the ACT taps into arousal and attentional control

demands which were approximated by pupil markers. The study also supported

that sustained attention and MW rely on separate mechanisms, as they were

affected differently by task demands.
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4.0.1 Performance and Pupil Markers of Arousal and Cog-
nitive Control

Voluntarily maintaining sustained attention on one task for a prolonged time is

regulated by underlying processes of arousal and cognitive control (Coull, 1998;

Ma et al., 2024; Martínez-Pérez et al., 2023; Thomson et al., 2015). Behaviourally,

visual sustained attention performance can be measured via a variety of cognitive

tasks, such as Psychomotor Vigilance Task (Dinges & Powell, 1985; Martínez-Pérez

et al., 2021; Unsworth & Robison, 2018), gradual onset, continuous performance

tasks (gradCPTs; e.g. Esterman et al. (2013); Kondo et al. (2023)), and gradual

monitoring tasks (e.g. O’Connell et al. (2008) and Harty & Cohen Kadosh (2019)),

simple choice reaction-time tasks (Lema et al., 2021; Strayer et al., 2023), Go/No-

Go paradigms such as the Sustained Attention to Response Task (SART; e.g.

Schepers et al. (2023); Martínez-Pérez et al. (2023); Bedi et al. (2023)), and spatial

attention task with distractor stimuli (Raposo et al., 2023; N. Shalev et al., 2018).

To tap into arousal and attentional control mechanisms specifically, task demands

have been adapted by, for example, displaying distractors, manipulating the Go

compared to the No-Go trial frequency (Martínez-Pérez et al., 2023; Wilson et al.,

2016), or adjusting the congruency of stimuli and adding cues (Lema et al., 2021).

With failures in sustained attention performance, indicated by lapses in accu-

racy and/or variable response times, thoughts are often found to disengage from the

current task. This resulted in internally focused thoughts, namely mind-wandering

(MW), or externally focused thoughts linked to environmental distractions (C. A.

Godwin et al., 2023; Kucyi et al., 2016; Unsworth & Robison, 2018). Despite this

behavioural overlap between sustained attention lapses and thought disengagement,

the underlying mechanisms have been described independent from one another (C.

A. Godwin et al., 2023; Strayer et al., 2023). MW is mostly assessed using self-

report via thought-probes interrupting a sustained attention task (e.g. Martínez-

Pérez et al. (2023); Poerio et al. (2017); Stawarczyk et al. (2011)). However,

other methods, such as self-caught MW reporting, and retrospective reports have

also been used (Smallwood & Schooler, 2015).
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Sustained attention performance has been demonstrated to be affected by task

demands and arousal levels. Increased attention control demands, for example

via the presence of distractors or less frequent targets, decreased task performance

(Demeter et al., 2011; Martínez-Pérez et al., 2023), in line with the previous chapter.

In contrast, MW, although it was reported more in a monotonous task with higher

arousal demands compared to a cognitive control task (Martínez-Pérez et al., 2021),

did not decrease when attention control demands were increased (Martínez-Pérez

et al., 2023). Drug-induced central nervous system stimulation targeting dopamine

and noradrenaline concentrations resulted in more accurate and faster performance.

In contrast, a non-stimulant drug targeting the same neurotransmitters and a drug

decreasing arousal resulted in poorer performance compared to placebo (Pinggal et

al., 2022). The authors also found that alpha power activity, a proxy for arousal,

predicted task errors and slow reaction times, indicating that arousal increased

to sub optimal levels hindered task performance in line with an inverted U-shape

relationship between alpha power or task performance and arousal.

Another marker tracking arousal levels relative to noradrenergic activity in

the locus coeruleus (LC), are pupil dynamics, especially pupil size (Alnæs et al.,

2014). Pupil size increases with higher levels of arousal, physical and mental

effort, and task demand such as a larger number of objects to track and difficult

compared to easy maths problems (Alnæs et al., 2014; Pan et al., 2022; Zénon

et al., 2014). Pre-trial pupil size also increased after lapses compared to accurate

trials, decreased over blocks, and could distinguish different attentional states, see

Fig. 4.1. Pupil diameter was larger than overall baseline when participants were

distracted from the task by external sources and smaller when they reported MW

or inattentiveness (Unsworth & Robison, 2016). In Unsworth & Robison (2018),

tonic pre-trial pupil size was confirmed to mark MW in both, an arousal and a

control demanding task, showing smaller pupils when participants reported MW

compared to being focused on either task. Stawarczyk et al. (2020) found similar

results along with more and longer blink duration when MW during the SART,

however, the significant effects were fully explained by sleepiness ratings in their
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Figure 4.1: Pre-trial pupil size distinguished different attentional states. From
Unsworth & Robison (2016), figure reprinted with permission. On-task = on-task
thoughts, TRI = task-related interference; ED = external distraction; MW = mind-
wandering; Inattn = inattentive/nonalert

sample. This indicated that occular markers might represent loss of task focus

more generically than tracking a specific MW state, which could be related to a

drowsiness-induced low arousal state (Stawarczyk et al., 2020). Yet, other studies

also found a link between MW and more frequent and longer eye blinks (D. J.

Frank et al., 2015; Grandchamp et al., 2014).

4.0.2 The Current Chapter

In this chapter, I aimed to confirm whether the behavioural online results from

Chapter 3 can be replicated in a lab-based study using the same sustained attention

task. In this ACT, participants monitored the flight path of four airplanes on a

radar without and with distractor stimuli present and responded to frequent con-

gruent and infrequent incongruent trials via respective button presses. Participants

attended one in-person study session in which they first filled out the Cognitive

Failures Questionnaire (CFQ) and the Adult ADHD Self-Report Scale (ASRS),

and then completed four 5-minute blocks of the ACT while their pupil dilation

and eye blinks were recorded.

Using pupil dynamics as a proxy for underlying changes in arousal and effort,
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I investigated how changes in eye dynamics, namely pupil size, blink rate, and

blink duration were affected by task difficulty (distractor condition) and whether

pupil dynamics were associated with changes in sustained attention performance,

self-reported attention, cognitive failures, task focus, and MW.

4.0.3 Research Questions

Based on the literature and previous chapters, the following questions were ad-

dressed:

1. Are behavioural attention markers replicable between an online and a lab-

based study? The presence of distractors was expected to decreases both hit

rate and CoV as in the previous chapter, indicating reduced accuracy but an

increase in stable performance compared to task blocks when distractors are

absent. Significant results were not expected for task focus and MW ratings.

Questionnaires, although associated with sustained attention performance

in previous studies (e.g. Harty & Cohen Kadosh, 2019), had not shown

significant predictions for hit rate or CoV in the previous chapter but the

analysis was repeated here to confirm in an lab-based setting with a larger

data set.

2. Do different ACT conditions affect pupil markers of arousal and effort? Pupil

size was expected to be larger when distractors are present compared to when

they are absent and to decrease over blocks.

3. Is performance on the ACT associated with changes in pupil markers of

arousal and effort? Pupil size, eye blinks and blink duration were expected to

vary with performance. Specifically, a smaller pupil was expected with better

hit rate and with less MW. Pupil size was also expected to be highest with

internal distractions reported during the task. The effects of pupil dynamics

on CoV, and questionnaires was explored.
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4.1 Methods

4.1.1 Participants

A sample of healthy, young adults was recruited via posters in Oxford University

buildings, student and public recruitment schemes hosted by the University, local

social media groups, and word-of-mouth.

The eligible age was 18-35, and participants were required to have normal or

corrected-to-normal vision (contact lenses or glasses), be right-handed, and fluent

English speakers. Only healthy, non-pregnant individuals, specifically without

diagnosed neurological or psychiatric conditions, history of migraines or fainting,

previous head trauma, neurosurgical procedures, hearing problems, metallic im-

plants, or drug treatments could take part. Participants were not eligible if they

consumed alcohol or drugs (regularly, or more than 3 units during the 24h prior to

the study), caffeine (more than 1 cup of coffee/ tea in the hour before the study),

or if they reported less than 6 hours of sleep in the previous night.

Forty participants completed the study session and one additional participant

took part but did not complete the session since the eye tracker could not be cali-

brated correctly. After the session, the time was reimbursed with £10/ hour paid

via bank transfer, or corresponding study credits. Ethical approval was granted

via Medical Sciences Interdivisional Research Ethics Committee (R82513/RE002).

4.1.2 Apparatus and Materials

The experiment was displayed on a computer monitor in a sound-proof experimen-

tal booth with the researcher present. Participants were seated at a table with

their chin stabilised approximately 50 cm away from the display (28.5 degrees

horizontally, 24.6 degrees vertically). The room was lit by a ceiling light. The task

was presented on Windows 7 in Matlab (Version R2019a) using the Psychophysics

Toolbox 3 (Brainard, 1997) and custom scripts.
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Figure 4.2: Procedure. During the session, participants first completed the CFQ and
ASRS questionnaires, followed by rating their motivation and sleepiness before the task
blocks began. A block contained congruent (89%) stimuli which required the space bar to
be pressed and incongruent stimuli (11%) for which participants withheld their response.
Task blocks were either without or with distractor items in each trial and lasted 300 s.
After each task block, participants rated on-task behaviour, categorised their thoughts
in the MW probe, gave more details through the experience sampling, and rated their
motivation and sleepiness in the previous block.

Task parameters for the ACT, as well as thought probes for task focus, motiva-

tion, and sleepiness, the MW probe, and CFQ and the ASRS inattention subscale

(ASRS IA) questionnaires, were reproduced as described in Chapter 3 (Study 2).

Eye-tracking. A desktop-mounted Eyelink 1000-Plus � (SR Research, Ontario,

Canada) with chin-rest collected monocular eye dynamics data at a sampling rate of

500Hz from the dominant eye. For most participants, a 9-point calibration was run

using customised coordinates (20% horizontal, 35% vertical) to cover specifically

the stimulus display area of the screen. Participants 7-14 were run with a 9-

point calibration using customised coordinates (50% horizontal, 75% vertical), and

participants 1-6 were recorded using the default 5-point calibration (binocular).

4.1.3 Procedure

All participants performed the same tasks and questionnaires, see Fig. 4.2. Partic-

ipants received the study information after signing up and at least 48 hours before

the session. On arrival, the study information was given and, if no further questions

remained, participants gave their consent to participate. Next, questionnaires in-

cluding personal information, CFQ, and ASRS were presented. In the experimental
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booth, the eye-tracker was adjusted and calibrated for a short test-recording. Then,

participants received instructions for the session and completed practice trials for

the MW probes (practice items reported in Chapter 3) and the ACT. First, 20 slow

practice trials were performed with fixation lasting 1000ms, stimulus display lasting

5000ms, and feedback was given. Out of these, the first 10 trials were non-distractor

trials, and the last 10 showed distractors in addition to the stimuli, 4 out of 10 trials

were critical target trials. Then, participants practiced 45 trials (including 5 critical

targets) each, first without and then with distractors at normal speed (1000ms

fixation, 1000ms stimulus) and without visual feedback. Verbal feedback was given

by the experimenter when necessary to correct, or encourage performance. Before

the task started, participants reported their motivation and sleepiness at baseline

and then completed 2 sets of 4 blocks with 150 trials each of the ACT. Each

block lasted approximately 5 minutes (300 s). The starting condition for the first 2

blocks was randomised between participants, however due to a partial failure in the

randomisation at the start of the study, 26 participants started without distractor

blocks and only 14 started with distractor blocks. Immediately after each ACT

block, thought content and MW probes, motivation and sleepiness were rated and

reported. Between blocks, a timed 1-minute break allowed participants to drink,

rest their eyes and neck while remaining seated. Responses were recorded using

right and left index fingers on a response box with two buttons labelled ‘R’ and

‘L’. The association between left and right buttons and critical and safe trials was

randomised between participants.

4.1.4 Data Analysis

All analyses were performed in R (Version 4.3.0) using custom scripts. Outliers,

exclusion criteria, and calculation of performance (hit rate, CoV, CFQ, ASRS)

were the same as in the previous chapters, as was the method for all linear models.

Motivation, sleepiness, and task-focus (On-task rating) were rated between 1 and

7 and analysed as ordinal variables.
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MW vs. task focus. MW probe ratings were analysed as a binary comparison,

taking only ratings into account when participants reported to be task-focused

and reports of MW, while excluding any ratings for task related or unrelated

distractions, and ratings falling in the “other” category.

Thought categories. In a multinomial model, all 4 thought probe categories

(on-task, task distractions, external distractions, and MW), excluding “other” were

analysed.

Eye blinks. The number of eye blinks and blink duration were recorded by

the EyeLink On-line Parser. An extra 100ms of data around detected eye-blinks

was removed. Mean eye blinks was based on all eye blinks during the entire

task block, mean trial eye blinks took only blinks during the stimulus display

into account (200ms-1000ms after stimulus onset), and mean pre-trial blinks were

calculated from blinks during the fixation display (200ms-1000ms after fixation

onset). Blink duration for all included eye blinks were extracted as recorded by

the Eye-Link in ms.

Pupil size. Pupil sizes were Z-scored per participant based on all 4 blocks.

Mean pupil size was calculated including any pupil size data not marked as eye

blinks in the aforementioned procedure. Pupil sizes were averaged over the pretrial

period (200-1000 after fixation onset). I also extracted pupil size from the entire

block, and the trial period only (200-1000 after stimulus onset).

4.2 Results

4.2.1 Sample

Out of 40 complete data sets, 11 blocks of 6 participants were excluded because

60% or more of the responses were missing. Out of those, 4 blocks belonged to the

same participant and their data were therefore excluded from the study. The final

sample included 39 participants (age 18-35, M = 22.54, SD= 5.39, 29 female).
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4.2.2 Behavioural Effects

First, I compared the behavioural results from the previous chapter to the current

outcomes and tried to replicate the effects of performance and task focus.

Participants mean hit rate was 79% (SD=9), mean response times were 710 ms

(SD=100), and CoV was M= 0.19 (SD= 0.09). Overall sleepiness was reported

2.81/7 (SD=0.98/7), and motivation 5.53/7 (SD=1.05/7). Task focus out of 7 was

rated on average with 4.94 (SD=1.11).

Hit Rate. Based on the results in Study 2 of the previous chapter, I predicted

a main effect of distractor and block, with hit rates being higher in non-distractor

blocks and improving with time on task.

As predicted, the model (conditional R2= 0.86) revealed main effects of distrac-

tor (p= <.001) and block (p= <.001) on hit rate, see Tab. C.1. As seen in Fig. 4.3a,

hit rate was significantly higher in non-distractor blocks with a mean of M=0.81

(95%CI= [0.78, 0.85]) than in distractor blocks (M=0.77, 95%CI= [0.74, 0.81]).

Hit rate was higher in blocks 2 (M= 0.8, 95%CI= [0.77, 0.84], p= <.001),

3 (M= 0.81, 95%CI= [0.78, 0.85] p= <.001), 4 (M= 0.84, 95%CI= [0.8, 0.87]

p= <.001) compared to block 1 (M= 0.72, 95%CI= [0.68, 0.75]), and in block 4

compared to block 2 (p= 0.004), see Fig. 4.3b.

CoV. Opposite to hit rate, CoV was expected to indicate less stable perfor-

mance in the non-distractor condition, which was confirmed (conditional R2= 0.84)

by a main effect of distractor on CoV (p= 0.019), see Tab. C.2. CoV was higher

(indicating worse performance) in non-distractor blocks with a mean of M=0.19

(95%CI= [0.17, 0.21]) than in distractor blocks (M=0.18, 95%CI= [0.16, 0.2]),

see Fig. 4.3c.

Task-Focus. In the previous chapter, there were no effects of task on on-task

ratings except for a main effect of motivation.

In the current analysis (conditional R2= 0.54), see Tab. C.3, motivation was

replicated to predict task focus ratings (p= 0.004) with a trend of β=0.36 (95%CI=

[0.12, 0.6]), see Fig. C.1a. In addition, a main effect of sleepiness was significant (p=
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0.017) with a trend of β=-0.33 (95%CI= [-0.6, -0.06]), see Fig. C.1b. I also found

a significant interaction between distractor and block (p= 0.031), see Fig. 4.3d.

There was a significant difference between distractor (M= 4.17, 95%CI= [3.46,

4.88]) and non-distractor blocks (M= 5.34, 95%CI= [4.82, 5.86]) in block 2 (p=

0.01), indicating that task focus was reduced when distractors were present com-

pared to when they were absent. In block 3, the difference between distractor (M=

5.02, 95%CI= [4.48, 5.56]) and non-distractor blocks (M= 4.13, 95%CI= [3.41,

4.84]) was reversed (p= 0.05).

MW. In the previous online study (Study 1), MW was not significantly pre-

dicted by task parameters, but by motivation. In the current in-person study, I ran

a simplified logistic regression to ensure convergence. The model did not predict

significant changes in MW between different task conditions, blocks, or based on

motivation ratings, see Tab. C.4.

Only a main effect of sleepiness on MW was significant, (p= 0.023) with a

trend of β=0.79 (95%CI= [0.06, 1.53]), see Fig. C.2.

Questionnaires. CFQ (p= 0.944) and ASRS (IA) (p= 0.117) did not predict

hit rate at baseline, see Tab. C.5. Similarly, the questionnaires did not predict

baseline CoV (CFQ: p= 0.14, ASRS: p= 0.664), see Tab. C.6.

4.2.3 Task Demand and Eye Dynamics

Blink Rate and Duration. I explored the acquired eye data, to investigate

how differences in task demand and performance were reflected in blink and pupil

dynamics. Participants’ mean blink rate per block was 98.31 (SD=63.46), mean

blink duration was 183ms (SD=109).

When predicting blink rate, the model (conditional R2= 0.93) revealed main

effects of motivation (p= 0.043) and block (p= 0.01), see Tab. C.7. As seen in

Fig. C.3, blink rate was significantly higher when motivation was rated lower

β=-6.09 (95%CI= [-11.98, -0.19]).
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Figure 4.3: Behavioural results of task parameter effects on attention measures. a.
Distractor condition significantly predicted hit rate in the task (p < .001). The figure
shows a higher predicted hit rate when distractors were absent (M= 0.81) compared to
when they were present (M= 77). b. Blocks significantly predicted hit rate in the task (p
< .001). The figure shows a higher predicted hit rate in blocks 2 (M=0.8), 3 (M=0.81),
and 4 (M=0.84) compared to block 1 (M=0.72), and a higher hit rate in block 4 compared
to block 2. c. Distractor condition significantly predicted CoV in the task (p = .019).
The figure shows a higher predicted CoV when distractors were absent compared to when
they were present. d. When predicted on-task ratings, there was an interaction between
distractor condition and block (p= .031), pairwise comparisons between distractors were
compared within blocks indicating significant differences in block 2 and 3. Error bars
represent the standard error of the mean estimates. Significance marked by ***: p <.001,
**: p <.01, *: p <.05.

The number of eye blinks increased significantly from blocks 1 (M= 91.8,

95%CI= [68.93, 114.66]), to block 4 (M= 106.93, 95%CI= [84.88, 128.98]), p=

0.016). The difference between block 2 (M= 92.75, 95%CI= [70.02, 115.48]) and

block 4 was also significant (p= 0.019), see Fig. 4.4a.

Task parameters, motivation or sleepiness were not predictive of the duration

of eye blinks, see Tab. C.8.

Pre-Trial Pupil Size. As predicted, the model (adjusted R2= 0.12) revealed
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main effects of distractor (p= 0.011), and block (p= <.001) on pre-trial pupil size,

see Tab. C.9. As seen in Fig. 4.4b, pupil size was predicted significantly smaller in

non-distractor blocks with M=-0.08 (95%CI= [-0.15, 0]) than in distractor blocks

(M=0.06, 95%CI= [-0.01, 0.14]).

Predicted pre-trial pupil size was significantly smaller in blocks 2 (M= -0.08,

95%CI= [-0.19, 0.02], p= <.001), 3 (M= -0.05, 95%CI= [-0.16, 0.06], p= 0.005),

and 4 (M= -0.11, 95%CI= [-0.21, 0], p= <.001) compared to block 1 (M= 0.22,

95%CI= [0.11, 0.32]), see Fig. 4.4c.
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Figure 4.4: Task parameter effects on eye dynamics. a. Blocks significantly predicted
blink rate per block (p < .010). The figure shows more predicted blinks in block 4 (M=
106.93) compared to block 1 (M= 91.80) and block 2 (M= 92.75). b. Distractor condition
significantly predicted pre-trial pupil size (standardised; p = .011). The figure shows a
smaller predicted pre-trial pupil size when distractors were absent (M= -0.08) compared
to when they were present (M= 0.06). c. Blocks significantly predicted pre-trial pupil
size (standardised; p < .001). The figure shows a smaller predicted pupil size in blocks 2
(M= -0.8), 3 (M= -0.05), and 4 (M= -0.11) compared to block 1 (M=0.22). Error bars
represent the standard error of the mean estimates. Significance marked by ***: p <.001,
**: p <.01, *: p <.05.
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4.2.4 Behavioural Markers of Eye Dynamics

Questionnaires and Eye Dynamics. CFQ was predictive of blink duration (Tab.

C.10, with longer eye blinks predicting more reported cognitive failures (β=3.18,

95%CI= [0.07, 6.29], p= 0.046), see Fig. 4.5b. CFQ and ASRS (IA) scores were

not predicted by blink rate (Tab.C.11), or pupil size, see Tab. C.12.

Performance Markers. Blink rate or blink duration did not significantly

predict hit rate during the task, but there was a main effect of pre-trial pupil size

(p= 0.012), see Tab. C.13. As depicted in Fig. 4.5a, a better hit rate was associated

with smaller pupil size (β= -0.04, 95%CI= [-0.08, -0.01]).

In contrast, both blink rate and duration explained changes in CoV, see Tab.

C.14. Less eye blinks were recorded when CoV was high (β= < - .01, 95%CI= [< -

.01, < - .01], p = 0.02), see Fig. 4.5c. The duration of eye blinks was predicted to

increase with higher CoV (β= < - .01, 95%CI= [< - .01, < - .01], 95%CI= [10−5,

10−4], p = 0.02), but the scatter plot shows very little data of longer eye blinks

resulting in a less accurate prediction, see Fig. 4.5d.

Task Focus. While eye blinks, blink duration, and pupil size were no significant

predictors of task focus ratings (see Tab. C.15), there was a significant effect of both

blink rate (p= 0.001), see Fig. 4.6a, and blink duration (p= 0.044) on MW, see Fig.

4.6b and Tab. C.16. Blink rate decreased when MW was reported less (β=-0.04

(95%CI= [-0.07, -0.02]). Additionally, as MW increased, blinks were predicted to

last longer (β=0.01 (95%CI= [0, 0.03]). However, there was little data for longer

blink duration resulting in a large confidence interval.

Motivation predicted both task focus (β=0.36, 95%CI= [0.1, 0.62], p= 0.008),

and MW (β=-1.48, 95%CI= [-2.7, -0.27], p= 0.006, indicating that higher motiva-

tion levels increased task focus and reduced MW. Less MW was also significantly

predicted by lower sleepiness ratings (β=1.39, 95%CI= [0.17, 2.61], p= 0.008)

Thought Categories. To examine whether pre-trial pupil size could predict

subjective thought categories, a Bayesian multinomial mixed effect model was run

with MW as the reference category, see Tab. C.17. To replicate the findings from
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Figure 4.5: Associations between behavioural attention marker and eye dynamics. a.
Hit rate predicted pre-trial pupil size (standardised; p = .012). Better hit rate was
associated with smaller pre-trial pupil size. b. CoV was significantly predicted by blink
rate per block (p = .020). Higher CoV during the task was associated with less eye blinks.
c. Longer eye blinks also predicted a higher CoV (p = .020). The shaded areas represent
the 95% confidence interval of the estimates. Predicted on-task ratings are displayed in
blue.

Unsworth & Robison (2016), the model was in addition run comparing to the

overall baseline pre-trial pupil size. When referencing pre-trial pupil size during

MW, (M= -0.08), the model revealed an effect of pupil size for on-task thoughts

(β=1.92, 95%CI= [0.04, 3.97]) with a mean of M= 0.02 and task-relevant thoughts

(β=1.52, 95%CI= [0.09, 3.12]) with a mean of M= 0.03, see Fig. 4.6c(#).

Compared to the overall mean pre-trial pupil size as reference, the model

revealed an effect of pupil size for MW (β=1.99, 95%CI= [0.02, 4.09]) with a

mean of M= 0.02, see Fig. 4.6c(+).
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Figure 4.6: MW ratings and thought categories were predicted by eye dynamics. a.
MW rating (0 = totally focused on the current task, 1 = zoning out/MW) was predicted
by blink rate (p = .001). More reported MW compared to task-focused thoughts was
associated with a smaller amount of eye blinks during the task block. b. Furthermore,
more reported MW predicted longer blink duration (ms) than during on-task thoughts
(p= .044). c. When predicting all 4 rated thought categories by pre-trial pupil size, the
credible interval for MW reports showed a smaller pupil size compared to the overall
average pre-trial pupil size (+). With the reference category MW, on-task and task-
relevant thoughts were distinguished by pupil size via credible interval (#). The shaded
areas represent the 95% confidence interval of the estimates. Predicted MW values
are displayed in blue. Error bars represent the standard error of the mean estimates.
Significance equivalence (p<.05) marked by # and +: 95% credible interval excluding
zero.

4.3 Discussion

Overall, the behavioural results in the current lab-based study replicated those

from the previous chapter. Mean hit rate and CoV were comparable to Study

2 from Chapter 3. As expected, both hit rate and CoV were higher in non-

distractor blocks, suggesting worse accuracy but less response variability compared

to distractor blocks. Hit rate improved with blocks.

Blink rate and pre-trial pupil size were predicted by task demand with increased
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blink rate in the last task block, and pupil size was smaller in non-distractor blocks

and decreased with time compared to block 1.

A smaller pre-trial pupil size indicated better accuracy in the task. Moreover,

the number of eye blinks was lower when CoV was high and when participants

reported to be MW compared to being focused on the task. In contrast, longer eye

blinks were associated with higher CFQ scores, greater CoV, and more MW. Lastly,

pupil size was used to predict the 4 thought categories with both MW and the over-

all average pre-trial pupil size as reference (Unsworth & Robison, 2016). Compared

to rated MW, pupil size was predicted higher for on-task ratings and task-relevant

thoughts, and pupil size during MW was also smaller compared to the overall

average pupil baseline. Pupils were smallest when participants reported MW.

4.3.1 Sustained Attention Effort Linked to Cognitive Con-
trol

The behavioural results confirmed the findings from the previous chapter, namely

that distractors reduced accuracy but improved response variability when the

ACT is performed for longer periods of time. This is in support of control and

arousal accounts of attention which speculate that increased attentional demands

worsen accuracy, but a more optimal level of arousal can be maintained when the

task is demanding (Aston-Jones & Cohen, 2005; Demeter et al., 2011; Pinggal

et al., 2022; Thomson et al., 2015). Replicating the results from Chapter 3,

performance improved over the 4 task blocks indicating that the ACT benefits

from practice, compared with other traditional, more monotonous vigilance tasks

(Martínez-Pérez et al., 2021).

4.3.2 Pupil Correlates of Task Demand and Performance
in the ACT

As expected, pupil size decreased with blocks and replicated the strong difference in

the first 2 blocks found in Unsworth & Robison (2016). Pupil measurements were

also sensitive to the difference in distractor conditions, confirming a larger pupil
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when distractors were present (Pan et al., 2022). This was consistent with hit rate

being lower in distractor blocks and a larger pupil size predicting decreased accuracy

in this sample, as was also reported by Unsworth & Robison (2016), suggesting that

a larger pupil size represented worse performance coherent with increased task

demands. Interestingly, although CoV indicated more variability when distractors

were absent which is consistent with Magliacano et al. (2020), pupil size did not

significantly predict this difference. Instead, eye blinks were less frequent but longer

when responses were more variable. One possible explanation could be that when

task demand was low and responses became more variable, attentional focus might

have shifted from more externally directed attention towards internally directed

attention which is associated with fewer fixations and longer eye blinks (Benedek

et al., 2017). This would suggest that CoV, although behaviourally predicting task

demands in line with differences in arousal, was a less useful indicator of LC-related

changes than hit rate in this study. However, CoV could potentially be a marker

for attention disengagement related to internal thoughts.

4.3.3 MW Marked by Decreased Pupil Dilation

Consistent with Martínez-Pérez et al. (2023), MW did not differ between low

and high effort task conditions. However, in line with Stawarczyk et al. (2020),

sleepiness ratings were associated with MW and decreased task focus. Moreover,

in the current chapter, the effects of eye blinks, blink duration remained signif-

icant. Furthermore, pupil size during MW was smaller compared to the overall

baseline and compared to when task focus was maintained, even when sleepiness

was accounted for. In addition, I did not find a significant influence of sleepiness

on pupil size, number of blinks, or blink duration when performance was not

included in the model.

Pupil size was significantly smaller during MW than for on-task ratings, and

visually replicated the patterns reported in Unsworth & Robison (2016). However,

due to the low number of reported external distractions, the difference was not

statistically confirmed. Since the study was performed in a shielded booth in a quiet
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lab area, it is expected that only few participants would have experienced distrac-

tions. Future studies might investigate inter-individual differences in the tendency

to focus thought internally or externally when disengaging from attention tasks.

The current results support the finding that lapses in task performance rely

on a different mechanism than MW (Jin et al., 2020; Martínez-Pérez et al., 2023),

since performance differences due to task difficulty were not mirrored for MW

ratings. This stands in contrast to the Resource-Control Account (Thomson et al.,

2015), which predicts that any additional attentional resources that are not required

and devoted to task performance are redirected towards MW. Given that more

resources are free in the task condition requiring less control (i.e. no distractor),

more resources should be occupied by internally directed attention. Instead, my

data would imply that MW-related processes are performed in parallel.

Although pupil size successfully distinguished MW from task-focused thoughts,

the same could not be confirmed for the more general self-rating of task focus.

One explanation could be that off-task thoughts arise from suboptimally low and

high arousal levels, indicated by either smaller than task-focused pupil size (MW) or

larger pupil size (distractions) compared to focused thoughts (Unsworth & Robison,

2016). This highlights the importance of distinguishing between different off-task

states in sustained attention arousal and cognitive control studies.

Contrary to my hypothesis, less eye blinks predicted increased MW compared

to focused thoughts. Although the opposite has been found in some studies, Grand-

champ et al. (2014) only included 2 subjects in their sample and in (D. J. Frank

et al., 2015), participants performed a reading task. Differences in eye fixations

required in the ACT might have caused the different results. It is plausible that

instead of MW due to low arousal, in the ACT, MW occurred as a compensation

for increased cognitive load which is associated with more frequent eye blinks

(Magliacano et al., 2020). However, eye blinks increased with blocks, which would

indicate a decrease in MW towards the end of the task. In Stawarczyk et al.

(2020), more eye blinks were entirely explained by increased drowsiness. this was

less likely the case here as sleepiness was controlled for.
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4.3.4 Strengths and Limitations

This study showed the advantage of testing different behavioural markers of sus-

tained attention in combination with MW and pupil proxies of the underlying

mechanisms of sustained attention maintenance in a low and high demand version

of the same sustained attention task. Controlling for motivation and sleepiness

enabled me to explore how performance and MW related to pupillometry markers.

Although a similar design, Martínez-Pérez et al. (2023) manipulated task demands

in a SART-like task by changing the target frequency, which has been criticised to

shift the speed-accuracy trade-off in responses (Wilson et al., 2016). As a target

becomes less likely to appear, participants respond quicker and make more mistakes.

Therefore, in the current study, I kept the target frequency the same in the low- and

high-demand condition and difficulty was introduced solely by visual distractors,

with all other parameters stable. It is however possible that due to the increased

visual load, searches became longer and responses were made with less certainty and

variability compared to the low-demand condition, or were made prematurely with

participants running out of time to respond. Responses could be made up to 1000

after stimulus onset, but differently to Martínez-Pérez et al. (2023) and Wilson

et al. (2016), in the ACT participants have to respond in each trial, therefore

withholding a response would always count as a mistake.

Tonic pupil dilation has previously been shown sensitive to changes in lu-

minance, with larger pupil dilation with dim stimulus backgrounds, and a dim

background also increased the difference in tonic pupil dilation between low and

high working memory load (Peysakhovich et al., 2017). A similar effect could

have affected the pupil difference between distractor and non-distractor condition

in the current study where larger pupils in the distractor condition was a result

of the darker stimuli enhanced by the grey screen colouring. However, the differ-

ences in pupil size reported here were also consistent with changes in performance

irrespective of the task condition.

104



4. Eye-Dynamics Capture Sustained Attention and Mind-Wandering

4.3.5 Conclusion

In summary, the current chapter explored performance and task demand effects

on pupil markers. In line with Chapter 3, task demand decreased accuracy but im-

proved stable response times. In line with the LC mechanisms of arousal underlying

task maintenance, pupil size was predictive of accuracy and marked changes in task

demand in the ACT, as well as distinguishing between different attentional states,

especially MW. The study confirmed that sustained attention performance was

affected by attentional control demands in the same task, but MW was unaffected.

Large pupil dilation marked states of greater arousal via increased task demand,

length of task, and worse accuracy, which could indicate distracted behaviour. Eye

blinks became less frequent with increased CoV and MW, and with later task

blocks, which could indicate a shift towards internally directed attention. A longer

duration of eye blinks was predictive of higher rates of MW, CoV, and associated

with more cognitive failures.
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Abstract

Sustained attention is an important skill that supports goal-directed behaviour

and learning. Failures in sustained attention can be identified by poor task per-

formance and co-occur with changes in fronto-parietal attention networks which

are activated by cognitive control and arousal adjusted to the task demands. One

method to compensate for suboptimal cortical engagement is transcranial random

noise stimulation (tRNS) which has an excitatory effect on the cortex below. Prior

studies show a benefit of tRNS on perception and attention, especially for partic-

ipants with lower baseline ability. The current chapter aimed to investigate the

effect of tRNS on sustained attention tasks of different complexity ranging from

monotonous to distracting. In addition, baseline performance, mind-wandering

(MW), pupil size, theta/beta ratio (TBR), and aperiodic exponent (AE), were

explored to predict which participants would profit the most from the interven-

tion compared to sham stimulation. Thirty-nine participants were included in

the double-blind, within-subject experiment and completed three versions of an

airplane control task (ACT) with active (1 mA) or sham tRNS over the right

fronto-parietal cortex. During the task, pupil-dilation was measured and prompts

recorded self-reported thought content such as mind-wandering (MW). Resting-

state TBR was calculated before and after baseline and tRNS task blocks. The

results revealed an overall benefit on all ACT conditions for those participants with

lower baseline accuracy. In addition, all participants showed improved accuracy in

the monotonous vigilance task during active tRNS compared to sham. Greater

response variability was associated with higher arousal in the monotonous task

but with lower arousal in the two search conditions, indicating a link between

performance and arousal level depending on the complexity of the task. Pupil

size and TBR did not predict tRNS outcome. The study suggests that tRNS

could be a valuable intervention tool for individuals with difficulties to focus in

boring, as well as in difficult tasks. Predicting the success of this intervention

based on baseline characteristics, such as performance, could improve successful

intervention in educational settings.
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The ability to focus on one chosen task is important for learning and educa-

tion outcomes (Erickson et al., 2015; K. Godwin & Fisher, 2014). When task

focus is maintained on one task for a long time, performance can become more

error prone and inconsistent, and studies have shown associated changes in frontal

and parietal attention networks (Esterman et al., 2013; Fortenbaugh et al., 2018;

Kondo et al., 2023).

5.0.1 Benefits of Transcranial Random Noise Stimulation
on Sustained Attention

The excitatory effect that tRNS has on the underlying cortical structures (Laczó

et al., 2014), is believed to boost subthreshold activity in neuronal networks en-

gaged in the task (Fertonani & Miniussi, 2017; Paulus, 2011; Van Der Groen

& Wenderoth, 2016). Several theories have attempted to explain the underlying

mechanism of tRNS. One theory states that opening of ion channels facilitates

neuronal communication and causes changes in excitation and inhibition (Antal &

Herrmann, 2016; Van Der Groen & Wenderoth, 2016). Another theory explains

that electrical noise added to subthreshold activity has a boosting effect on the

signal, similar to how visual noise can improve detection of a noisy image (Antal

& Herrmann, 2016; Van Bueren et al., 2023; Van Der Groen & Wenderoth, 2016).

Previous research has identified performance benefits when tRNS was applied via

right frontal and parietal electrodes when participants performed a monotonous

sustained monitoring task (Harty & Cohen Kadosh, 2019). In particular, partici-

pants with poorer attention at baseline profited the most when receiving 1 mA but

not at sham or 2 mA tRNS. In the attention network task (ANT), left frontal tRNS

improved response speed for executive control of incongruent stimuli, alerting or

readiness to respond to stimuli, and orienting or shifting focus (Lema et al., 2021).

In addition, Tyler et al. (2018) found an improvement in temporal attention during

bilateral parietal tRNS. Apart from sustained attention, tRNS has been reported

to improve solving demanding maths problems (Popescu et al., 2016; Van Bueren

et al., 2023) and visual detection accuracy (Van Der Groen & Wenderoth, 2016).
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Although no studies of tRNS and mind-wandering (MW) have been published,

Martínez-Pérez et al. (2023) showed elevated MW reported during excitatory

transcranial direct current stimulation.

These results suggest that tRNS could be a valuable tool to improve sustained

attention in monotonous tasks, as well as in tasks requiring more executive control

due to the task demands or individuals baseline ability. However, no study to date

directly tested the effects of tRNS on less and more complex versions of the same

sustained attention task and self-reported MW.

5.0.2 Physiological Markers of Sustained Attention

As discussed in previous chapters, sustained attention relies on top down control

and optimal levels of arousal adapting to the task demands which is controlled via

tonic and phasic noradrenergic activity (Aston-Jones & Cohen, 2005; Esterman

& Rothlein, 2019).

In line with behavioural effects, tRNS has been reported to reduce the rest-

ing theta/beta ratio (TBR), a cortical marker of sustained attention and top-

down control (Angelidis et al., 2016; Harty & Cohen Kadosh, 2019). As evident

from the results of Harty & Cohen Kadosh (2019) and Chapter 2, a higher pre-

stimulation TBR was associated with poorer continuous monitoring task (CMT)

performance and predicted stimulation success next to behavioural markers of

sustained attention.

The TBR extracts periodic activity from resting EEG in slower theta bands and

faster beta bands to calculate the ratio between slow and fast oscillations (Angelidis

et al., 2016; Clarke et al., 2019). TBR over frontal and central midline regions

has been known to relate to attention skills, especially in children with attention

difficulties (Herrera-Morales et al., 2023; S. M. Snyder & Hall, 2006). However,

since TBR is traditionally calculated based on the relative power in theta and beta

frequencies, it has been noted that a great proportion of the TBR measure can

be confounded by the overall power slope of the full EEG spectrum (Donoghue et

al., 2020). This slope, also known as aperiodic exponent (AE) or 1/f activity, has
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itself been identified to mark information processing via the excitation/inhibition

(E/I) balance and is raised in patients with attention deficit hyperactivity disorder

(ADHD) indicating a low E/I ratio (Dakwar-Kawar et al., 2024; M. M. Robertson

et al., 2019). The AE also related to performance in healthy participants (Ostlund

et al., 2021) and was successful in predicting those participants with high AE to

improve more in a learning task during tRNS (Van Bueren et al., 2023).

Not much is known about the impact of tRNS on pupil markers of arousal. Pupil

dilation increases with higher arousal levels induced by the locus coeruleus (LC)

via noradrenergic projections innervating frontal and parietal cortices (Alnæs et al.,

2014). Since tRNS has an excitatory effect on the cortex, it is possible that it can

compensate for suboptimal network engagement (Harty & Cohen Kadosh, 2019;

Van Der Groen & Wenderoth, 2016) but it is unclear whether the pupil marker

would adapt under those circumstances. Indeed, tRNS over the cerebellum did not

cause significant changes in pupil dilation (Kawakami et al., 2024). However, no

motor learning benefits during tRNS were observed behaviourally which might

explain these results.

5.0.3 The Current Chapter

The current chapter aimed to examine sustained attention improvements in visually

monotonous and distracting tasks during right fronto-parietal tRNS, and to identify

participants who profit the most based on baseline performance and physiological

markers of attention performance.

Introduction of a Monotonous Vigilance Condition

To align the Airplane Control Task (ACT) from previous chapters (3-4) more

closely with the monotonous detection task without search component used in

Harty & Cohen Kadosh (2019), an additional vigilance condition was added to the

previous two search conditions. In the vigilance tasks, participants had to detect

rare bird trials within frequent airplane trials, all trials were congruent. Partic-

ipants performed this extended ACT with 10-minute blocks of three complexity
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levels (vigilance, simple search, distractor search) on two consecutive days. In a

counterbalanced fashion, on one of the days, the participants received 1 mA tRNS

during the task blocks and on the other they received a sham protocol with 30 s

ramp up and 30 s ramp down of the current at the start of the task. Stimulation

parameters were replicated from Harty & Cohen Kadosh (2019), targeting the right

dorsolateral prefrontal cortex (dlPFC) and the inferior parietal lobule (IPL) which

are key regions in sustained alertness and attentional control in uncued paradigms

(Fan et al., 2005; Singh-Curry & Husain, 2009) and resulted in a performance

improvement before (Harty & Cohen Kadosh, 2019).

TBR was measured at rest before and after the baseline and tRNS interven-

tion task blocks to assess baseline and changes induced by tRNS. Pupil size was

measured during the resting state and during the task. As before, participants

filled out questionnaires and were prompted to report MW and thought content,

sleepiness and motivation levels during the task.

Accuracy and response variability were performance scores of interest, next to

the prompted ratings of thought content (i.e. MW, on-task, distracted, etc). TBR

was compared between the traditional calculation based on the relative theta and

beta power, see Harty & Cohen Kadosh (2019), and the extraction of periodic

power after removal of the AE (Donoghue et al., 2020). In addition, the AE was

also used as a predictor for the E/I balance. Pre-trial and resting-state pupil sizes

were extracted from task and resting periods of the session.

Research Questions

The current chapter aimed to answer whether tRNS had an enhancing effect

on sustained attention, specifically changes in performance, MW, and physiological

attention markers. It was of special interest whether tRNS could improve perfor-

mance in a monotonous and simple task, and in more difficult, distracting, and

arousing tasks. In addition, I examined whether all participants profited from the

stimulation or whether a subsample could be identified using baseline markers

of sustained attention.
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Since sustained attention benefits have been observed in previous studies, tRNS,

compared to sham stimulation, was expected to improve sustained attention per-

formance in the ACT, along with a reduction in MW, TBR, AE, and pupil size.

Baseline attention markers (performance or physiological) were expected to dis-

tinguish between participants that profited from tRNS and those that did not,

specifically indicating that poor baseline ability would lead to greater improvements

during real tRNS.

Furthermore, no association between baseline pupil size and TBR was expected,

which is in line with the difference between the markers of arousal and cognitive

control independently underlying sustained attention.

5.1 Methods

Methods of Study 5 were preregistered (10.17605/OSF.IO/2A6S8) on OSF, how-

ever some of the analyses were adapted. Since CoV was not affected by tRNS

as expected, it was excluded as covariate from other models. To provide a more

concise results section, on-task analyses were focused on the thought categories

including task focus, distractions, and MW. Lastly, for some analyses, the data

did not fulfil assumptions or proved unfeasible as initially intended and were

adapted or excluded.

5.1.1 Participants

A sample of healthy, young adults was recruited via posters in Oxford University

buildings, student and public recruitment schemes hosted by the University, local

social media groups, and word-of-mouth.

The eligible age was 18-35, and participants were required to have normal or

corrected-to-normal vision (contact lenses or glasses), be right-handed, and fluent

English speakers. Only healthy, non-pregnant individuals, specifically without

diagnosed neurological or psychiatric conditions, history of migraines or fainting,
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previous head trauma, neurosurgical procedures, hearing problems, metallic im-

plants, or drug treatments could take part. Participants were not eligible if they

consumed alcohol or drugs (regularly, or more than 3 units during the 24h prior to

the study), caffeine (more than 1 cup of coffee/ tea in the hour before the study),

or if they reported less than 6 hours of sleep in the previous night.

Forty-five participants attended at least one session of the study. After the

second session, their time was reimbursed with £10/ hour paid via bank transfer,

or corresponding study credits. Ethical approval was granted via the Medical

Sciences Interdivisional Research Ethics Committee (R82513/RE002).

5.1.2 Apparatus and Materials

The experiment took place in the same study space as in Chapter 4. The comput-

erised task was displayed on a computer monitor in a sound-proof experimental

booth with the researcher present. Participants were seated at a table with their

chin stabilised approximately 50 cm away from the display (28.5 degrees horizon-

tally, 24.6 degrees vertically). The room was lit by a ceiling light. The task

was presented on Windows 7 in Matlab (Version R2019a) using the Psychophysics

Toolbox 3 (Brainard, 1997) and custom scripts.

Stimuli. The previous version of the ACT was reused (see Chapter 3 and

4) but an additional vigilance condition was added to the existing distractor and

non-distractor search conditions. The vigilance task was designed with a similar

motoric and visual load as the non-distractor search (4 stimuli on the radar) but

in each trial, participants saw only congruent stimuli and had to respond whether

all stimuli were airplanes or birds. Thought probes for task focus, motivation, and

sleepiness, the MW probe, and CFQ and ASRS (IA) questionnaires, are described

in previous chapters (Chapter 3 and 4).

Eye-tracking. The same desktop-mounted Eyelink 1000-Plus � (SR Research,

Ontario, Canada) with chin-rest collected monocular eye dynamics data at a sam-

pling rate of 500Hz from the dominant eye. A 9-point calibration was run using
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Figure 5.1: ACT Stimuli. The same simple and distractor search conditions from
previous chapters were used in this chapter. For the search task, a block contained
congruent (89%) trials (safe) and incongruent trials (11%), indicated by red arrows, which
were distinguished by pressing the respective button. Task blocks were either without
or with distractor items. In addition, a monotonous vigilance condition was added,
which displayed either 4 airplanes, or 4 bird distractors. Via button press, participants
were asked to identify whether they saw airplanes or birds. All responses were made
with the dominant index finger on adjacent buttons of a response box (left, right).
The blockorder between vigilance, simple search, and distractor search conditions was
randomised between participants.
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customised coordinates (20% horizontal, 35% vertical) to cover the stimulus display

area of the screen.

EEG Acquisition. EEG was recorded from 32 scalp locations (international

10-20 system: Fp1, Fp2, AF3, AF4, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6,

T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, PO3, PO4, 01,

0z, 02) according to the international 10-20 system via the StarStim32® and NIC2

software (Version 2.1.3.4). Data samples were acquired at 500 Hz via Bluetooth

lab streaming layer (LSL) connection. Circular 12mm Ag/AgCl sintered electrodes

(NG Pistim, Neuroelectrics®) served as EEG and as tRNS electrodes throughout

the whole session. Mastoid electrodes served as common mode sense (CMS) ref-

erence and driven right leg (DRL) feedback, which together cancel out common-

mode noise in the body. Impedance was kept at 0-10 kΩ. The resting state EEG

recording was run in Matlab using the ‘MatNIC2’ Toolkit (Version 10). Participants

initiated the EEG recording which triggered the display of a white fixation cross

(font ‘Arial’, size 70) on a black background by button press.

tRNS. Per session, a total of 30 minutes (3x 10-minute blocks) of 1 mA (peak-

to-peak) high-frequency tRNS was applied using the same StarStim32® device as

for the EEG. A short resistance test was performed before intervention to ensure

that the connection was adequate. Stimulation was slowly introduced via a 30 s

ramp up at the start and a 30 s ramp down to 0 mA at the end of each block.

Sham stimulation consisted only of 30 s ramp up and 30 s ramp down at the start

of the blocks, without further tRNS. Double-blinding of the stimulation condition

was ensured via renaming of the stimulation protocols by an independent researcher

and automatic randomisation and protocol selection in the experimental script. All

portions of the screen that could indicate whether the protocol was sham or real

tRNS were obscured during the full study course.

5.1.3 Procedure

All participants performed the same set of tasks and questionnaires on two consecu-

tive days around the same time of day, see Fig. 5.2. Participants received the study
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Figure 5.2: Procedure. On day 1, participants first completed the CFQ and ASRS
questionnaires (1.). In both sessions, after fitting the headgear, a 4-min baseline EEG
eyes-open resting state was recorded (2.) Then, participants rated their motivation and
sleepiness before the ACT blocks began. There were 6 10-min (300 stimuli) ACT blocks
in total, 3 baseline blocks without tRNS, and 3 with active tRNS with a 1 min break
between each block (grey screen, no tRNS). The block order between vigilance, simple
search, and distractor search conditions was randomised between participants. After each
task block, participants rated on-task behaviour, categorised their thoughts in the MW
probe, and rated their motivation and sleepiness in the previous block. At the end of the
3 tRNS blocks, participants also answered questions to assess blinding and sensations
perceived during the tRNS blocks.
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information after signing up and at least 48 hours before the session. On arrival,

the study was summarised and participants could ask any remaining questions,

before giving consent to participate. Only on day 1, pre-questionnaires including

personal information, CFQ, and ASRS were presented. This was followed by the

headgear setup for EEG recording and tRNS. The experimenter measured the head

circumference and the dominant eye was determined. Next, two mastoid electrodes

(Sticktrodes, Covidien) were fitted behind the right ear as reference and feedback

electrode. The EEG cap was fitted with the Cz location at the intersection of the

inion-nasion and the ear-to-ear distance. All 32 electrode locations were cleaned

with abrasive skin gel and surgical spirit, before conductive gel was inserted. The

electrode caps and cables were subsequently attached. In the experimental booth,

the Starstim headset was attached via Velcro in the back of the EEG cap and all

cables were connected. Then, the eye-tracker was adjusted and calibrated for the

first of three EEG resting state recordings. Participants were instructed to keep

their chin on the chin-rest, to focus on the fixation cross at the centre of the screen,

to relax their face and upper body, and to try not to control their thoughts. They

were shown the ongoing EEG recording and were encouraged to try out the effects

of clenching their teeth as an example. After 4 minutes, participants could rest

their eyes briefly and then received instructions for the ACT.

They completed practice trials for the MW probes (practice items reported

in Chapter 3) and the ACT. First, the vigilance condition was practiced slowly

(6 seconds/trial) with feedback on screen (10 trials total, 4 bird stimuli) and at

normal speed with verbal feedback if necessary (2 seconds/ trial, 45 trials total, 5

bird trials). Then, participants completed 10 trials (4 critical) each for the simple

search and the distractor search at slow pace followed by 45 trials (5 critical) each

at normal task speed (1000 ms fixation, 1000 ms stimulus).

Before the task started, participants reported their motivation and sleepiness

at baseline and then completed 2 sets of 3 blocks (3 baseline, 3 tRNS) with 150

trials (300 stimuli) each of the ACT. Each block lasted approximately 10 minutes.

Participants all completed all three conditions (vigilance, simple search, distractor
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search) and the block order was randomised between participants, but remained

the same for one participant in the baseline and tRNS blocks in both sessions.

Immediately after each ACT block, thought content and MW probes, motivation,

and sleepiness were rated and reported. Between blocks, a timed 1-minute break

allowed participants to drink, rest their eyes and neck while remaining seated.

Responses were recorded using right and left index fingers on a response box with

two buttons labelled ‘R’ and ‘L’. The association between left and right buttons

and critical and safe trials was randomised between participants.

After the 3 stimulation blocks were complete, participants were asked whether

they believed the stimulation was real, placebo, or whether they did not know.

Then, on a scale of 1 (no pain) to 9 (worst pain imaginable), they rated any

perceived scalp sensations (itching, pain, burning, warmth/heat, fatigue/decreased

alertness, flashing lights other than the stimulus). If a sensation was rated higher

than 1, a follow up question inquired about how much the sensation affected their

general state (1, not at all - 5 very much), and for how long the sensations were

felt (1 to 9+ minutes).

5.1.4 Data Analysis

All analyses were performed in R (Version 4.3.0) or Matlab (Version 2023b) using

custom scripts. Outliers, exclusion criteria, and calculation of performance (hit

rate, CoV, CFQ, ASRS) were the same as in the previous chapters, as was the

method for all linear models. In addition to the procedure of random slopes

followed in previous chapters, the variable for task block was entered in all mixed

effect models as a random slope but did not contribute significant explanatory

power to any model to justify its inclusion. Motivation, sleepiness, and task-

focus (On-task rating) were analysed as ordinal variables. Multicollinearity was

kept below the conservative threshold of GVIF< 2.23 where possible but since

in models with categorical predictors, multicollinearity can occur more severely,

moderate multicollinearity (equivalent to Vif<10) was accepted with values of
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GVIF< 3.16 (Minkow & Fuerst, 2024). Multiple comparisons were corrected using

the Holm procedure.

Sample-Size Calculation. Using data from Chapter 4, the mixedpower

package in R (Kumle et al., 2021) was used to determine a minimum sample

size of N=50 to detect an effect of behaviour between the different task versions

with at least 80% power. In addition, based on Harty & Cohen Kadosh (2019)’s

medium-large effect sizes for repeated-measures, within-subject differences in tRNS

for CoV and TBR, G*Power estimated a minimum sample of 30 participants to

detect medium-sized effects with 80% power. Therefore, a minimum sample size

of N=50 was aimed for, with the possibility to collect 10 additional participants

before the closing date of the study to account for excluded data. However, when

the maximum time period for data collection was reached, only 45 participants had

been collected and no further subjects could be added.

Eye blinks. Number of eye blinks and blink duration were recorded by the

EyeLink On-line Parser. An extra 100 ms of data around detected eye-blinks was

removed. Mean eye blinks was based on all eye blinks during the entire task block,

mean trial eye blinks took only blinks during the stimulus display into account

(200 ms-1000 ms after stimulus onset), and mean pre-trial blinks were calculated

from blinks during the fixation display (200 ms-1000 ms after fixation onset). Blink

duration for all included eye blinks were extracted as recorded by the Eye-Link.

Pupil size. Mean pupil size was calculated including any pupil size data

not marked as eye blinks in the aforementioned procedure. Pupil sizes were also

averaged over the whole block, the trial period (200 ms-1000 ms after stimulus

onset), and the pretrial period (200 ms-1000 ms after fixation onset). Then pupil

sizes within all 4 baseline blocks were Z-scored per participant.

EEG preprocessing. For the analyses, data from the central midline electrode

(Cz) was selected to provide TBR measurements as it previously shown results with

high sensitivity and specificity (Harty & Cohen Kadosh, 2019; Monastra et al.,

1999). The parietal electrode directly between the two tRNS electrodes (C4) was

selected for the AE since it lay at the centre of the bidirectional current between
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F4 and P4 as has been done before (Van Bueren et al., 2023), the results were

consistent with the AE at F4 and P4 corresponding to the two major nodes of

the fronto-parietal attention network.

The raw EEG data was preprocessed using the EEGLAB toolbox (Delorme

& Makeig, 2004) in Matlab. Closely following the protocol from Harty & Cohen

Kadosh (2019), the data was low-pass filtered (40 Hz) to remove electrical inter-

ference and higher frequency artifacts and epoched into segments of two seconds.

Noisy epochs (>100 microV) were rejected. The data was Fast Fourier Transformed

(FFT) with data that was missing 50% or more epochs being excluded.

TBR. For the traditionally calculated TBR, absolute theta (4-7.5 Hz) and beta

power (14-30 Hz) were divided by the absolute power of the full spectrum (1.5-30

Hz). The resulting relative theta power was divided by the relative beta power

and log transformed.

Periodic TBR and Aperiodic Signal. Additional preprocessing steps were

performed to prepare the data for the parameterisation. Channels were re-referenced

to average, baseline removed and a high-pass filter (0.5 Hz) was applied. Then an

ICA was run to remove artefacts. I specifically excluded prominent eye blinks,

muscle activity, and heart artifacts based on visual inspection of the topographical

maps, time course and frequency distribution. The Fourier transformed data was

then processed into aperiodic and periodic components using the fooof - fitting

oscillations \& one over f package (Donoghue et al., 2020) in Spyder (Version

6.0.3) with Python (Version 3.12.4). The slope of the EEG power spectrum was

extracted from the power spectrum between 1.5 and 40 Hz using the following

parameters: peak_with_limits = [1.0, 8.0], max_n_peaks = 5, aperiodic_mode

= ‘fixed’. Subsequently, the AE was fitted and oscillatory power from the existing

peaks in theta and beta bands was extracted. To calculate the periodic TBR, the

power in the extracted peaks from the theta range was divided by the periodic

beta power and log-transformed.
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5.2 Results

5.2.1 Sample

Out of 45 data sets, two participants were excluded for insufficient task responses in

the first session, a further two did not complete two sessions due to equipment mal-

function, one other participant missed the second session, and one last participant

discontinued after the baseline part of the session (task practice and baseline, and

EEG resting state) due to feeling unwell. 3 blocks of 2 participants were excluded

because 60% or more of the responses were missing. A further 8.66% of blocks

were identified as outliers in performance (hit rate and CoV) and removed from

the analyses. Specifically, 3 baseline CoV values were outliers (2 participants), and

7 baseline hit rates (4 participants), in addition during tRNS 4 CoV outcomes (3

participants, 1 sham) and 6 hit rates during tRNS (3 participants, 3 sham) were

excluded as outliers. The final sample included 39 participants (age 18-32, M=

22.03, SD= 4.03, 32 female).

5.2.2 Effects of tRNS on Behaviour and Physiology

CoV. CoV was predicted to reduce from active (but not sham) tRNS. Moreover,

participants with high baseline CoV were predicted to profit from the intervention

the most. As shown in Tab. D.1, the only significant effects when predicting CoV

(conditional R2= 0.75) were main effects in task condition (p= <.001), baseline

CoV (β= 0.02, p= <.001, 95%CI= [0.02, 0.03]), and sleepiness (β= 0.01, p= 0.02,

95%CI= [0, 0.02]). CoV differed significantly in all three task conditions, with

the highest CoV in the vigilance task (M= 0.27, 95%CI= [0.26, 0.29]), followed

by the simple search (M= 0.25, 95%CI= [0.24, 0.27]), and the distractor search

(M= 0.23, 95%CI= [0.21, 0.25]), see Fig. 5.3a.

Hit Rate. Apart from main effects of baseline hit rate (p= <.001), task

condition (p= <.001), and sleepiness (β=-0.02, p= <.001, 95%CI= [-0.02, -0.01]),

tRNS interacted with baseline hit rate and also with task, see Tab. D.2 (con-

ditional R2= 0.71).
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The interaction between tRNS and task (p= 0.023) indicated only in the vig-

ilance task, hit rate was higher for 1mA tRNS (M= 0.98, 95%CI= [0.96, 1])

compared to sham stimulation (M= 0.94, 95%CI= [0.92, 0.97]), see Fig. 5.3b.

The interaction between tRNS and baseline hit rate (p= 0.047) showed that

for participants with lower baseline hit rate, performance was better during 1 mA

tRNS (β=0.03 (95%CI= [0, 0.05]) compared to sham stimulation (β=0.06 (95%CI=

[0.03, 0.08]). This is indicated by the significant difference between the slopes,

which marked a larger difference between low and high performers, with lower

performance for participants with low baseline hit rate, see Fig. 5.3c.

MW. A three-way interaction between tRNS, task, and baseline MW responses

showed signs of overfitting the data, therefore, I planned to fit two models to esti-

mate whether tRNS interacted with task and baseline MW individually. However,

there was an imbalance of the rating conditions, with only 23 votes for task-focused

thoughts, compared with 103 ratings of MW. Instead, I performed a linear analysis

on the mean MW ratings across all blocks to estimate the effect of tRNS on MW.

Again, the assumptions for the model were not fulfilled and data transformation

did not improve the data. Therefore, the binary MW variable was not further

investigated in this sample.

Pupil Size. Since block was a significant predictor of pupil size in Chapter

4, it was entered in this model as a covariate (adjusted R2= 0.56). There was no

significant effect of tRNS on pre-trial pupil size, but main effects of task (p= 0.011),

baseline pupil size (p= <.001) with a trend of β=0.21 (95%CI= [0.17, 0.26]), and

block (p= 0.004) were significant, see Tab. D.3.

Pupil size during the vigilance task (M= -0.01, 95%CI= [-0.1, 0.07]) and simple

search (M= 0.01, 95%CI= [-0.05, 0.07]) were smaller than during the distractor

search condition (M= 0.13, 95%CI= [0.06, 0.2]), see Fig. 5.4a.

Pupils were also largest during the first block (M= 0.12, 95%CI= [0.06, 0.19])

compared to block 2 (M= -0.01, 95%CI= [-0.07, 0.05]) and 3 (M= 0.01, 95%CI=

[-0.05, 0.07]), see Fig. 5.4b.
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Figure 5.3: Behavioural results of tRNS and task parameter effects on attention
performance. a. Task condition significantly predicted CoV in the task (p < .001). The
figure shows that CoV was higher in the Vigilance condition (M= 0.27) than in the simple
search (M= 0.25), and lowest in the distractor search condition (M= 0.23). b. The task
significantly predicted hit rate in interaction with tRNS condition (p= .023). Only, in
the vigilance task, responses were more accurate during real tRNS (M= 0.98) compared
to sham (M= 0.94) c. Baseline hit rate also interacted with tRNS (p = .047) across all
three task conditions. The figure shows a higher predicted hit rate when baseline was
low during real tRNS compared to the sham tRNS condition. Error bars represent the
standard error of the mean estimates. Significance marked by ***: p <.001, **: p <.01,
*: p <.05. The shaded area represents the 95% confidence interval of the estimates.

Theta/Beta Ratio. Since TBR was only recorded before and after three

task blocks, an interaction with task condition could not be estimated, instead

I ran models to predict traditional TBR (as in Harty & Cohen Kadosh (2019)),

the TBR calculated only on periodic activity, and the aperiodic exponent of the

EEG power spectrum by stimulation, including an interaction with the baseline

hit rate effect that was significant earlier.

The traditional TBR was only predicted by the baseline TBR (p= <.001) with
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Figure 5.4: tRNS effects on pre-trial pupil size during the ACT. a. Task condition
significantly predicted pre-trial pupil size (Z-scored) in the ACT (p= .011). The figure
shows a higher predicted pupil size duirng the distractor search (M= 0.13) compared
to simple search (M= 0.01) and vigilance (M= -0.01). b. Blocks significantly predicted
pupil size (p < .001). The figure shows a higher predicted pupil size in block 1 (M= 0.12)
compared to block 2 (M= -0.01) and 3 (M= 0.01). Error bars represent the standard
error of the mean estimates. Significance marked by ***: p <.001, **: p <.01, *: p <.05.

trending effects of baseline hit rate (p= 0.074) and the interaction between baseline

hit rate and baseline TBR (p= 0.066), see Tab. D.4 (conditional R2= 0.53).

Periodic TBR was only predicted by its baseline (conditional R2= 0.87), and

AE had no significant predictors (adjusted R2= 0.55), see D.5 and D.6 for details.

5.2.3 Resting-State and Behavioural Results

Baseline Response Variability Predicted by Pupil Size. As shown in Tab.

D.7, there were both main effects of pre-trial pupil size (p= 0.004) and task

condition (p= <.001) and and interaction between the two predictors (p= <.001).

The interaction revealed that the slope of baseline pre-trial pupil size differed

between all three task conditions, in the vigilance condition, a positive trend (β=
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Figure 5.5: Baseline pre-trial pupil size predicted CoV in baseline task blocks (p <.001).
In the vigilance task, larger pupils were associated with larger response variability. In
both simple search and distractor search the trend was negative. The shaded area
represents the 95% confidence interval of the estimates.

-0.04, 95%CI= [-0.06, -0.03]) predicted larger pupil size with larger CoV at baseline,

but during the simple search (β= 0.02 (95%CI= [0, 0.03])) and distractor search

(β= -0.01 (95%CI= [-0.03, 0])) the trends were negative, indicating smaller pupil

size predicted larger response variability, see Fig. 5.5.

The same analysis could not be repeated for hit rate since it still violated the

assumption of normal residuals after transformation attempts and fitting the model

in a generalised linear model with different link functions.

Relation Between Physiology Measures and Behaviour. To explore

how TBR and aperiodic measures related to resting state pupil size and baseline

performance, I performed a spearman correlation, see Tab. 5.1. Except for a

significant correlation between the AE and the traditionally calculated TBR (r=

0.72, p<.001), no EEG measure correlated with one another or with baseline resting

pupil size. As traditional TBR is calculated by the total power at beta and theta

frequencies, the AE is included in the measure and a correlation is expected. Mean

baseline CoV and MW were correlated (r= 0.36, p<.05).
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Table 5.1: Correlating Resting-State and Baseline Behaviour

Variable Traditional TBR Periodic TBR AE Pupil Size CoV HR MW

Traditional TBR 1.00

Periodic TBR -0.53 1.00

AE 0.74*** -0.49 1.00

Pupil Size 0.00 0.35 0.05 1.00

CoV -0.14 -0.05 0.03 -0.20 1.00

HR -0.19 0.05 -0.22 -0.21 -0.06 1.00

MW -0.06 -0.25 0.04 -0.08 0.36* -0.02 1.00

Notes. Spearman correlation coefficients between all EEG baseline resting-state measures

resting pupil size, and mean baseline behavioural scores from the ACT. Significance is

marked as ***: p <.001, *: p<.05

# #

−1

0

1

2

Thought Category

B
as

el
in

e 
P

re
−

tr
ia

l P
up

il
 D

ia
m

et
er

On−Task

Task−Relevant Distraction

MW

Figure 5.6: MW thought categories were predicted by eye dynamics. When predicting
task-focused thoughts, task-relevant distractions, and MW by pre-trial pupil size, the
credible interval for on-task and task-relevant thoughts showed a larger pupil size
compared to the reference category MW (#). Error bars represent the standard error
of the mean estimates. Significance equivalence (p<.05) marked by #: 95% credible
interval excluding zero.

Baseline Pupil Size and MW. Only 5 out of 228 thought categories were

rated as externally distracted, therefore I replicated the MW category results from

chapter 4, with only the categories on-task, task-relevant distractions, and MW
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ratings. As expected, baseline pre-trial pupil size predicted subjective thought

categories, see Tab. D.8. With pre-trial pupil size during MW as reference, (M=

-0.1), the model revealed an effect of pupil size for on-task thoughts (β=1.31,

95%CI= [0.33, 2.32]) with a mean of M= 0.12 and task-relevant thoughts (β=1.14,

95%CI= [0.38, 1.93]) with a mean of M= 0.08, see Fig. 5.6(#).

5.2.4 Blinding

To ensure that tRNS effects were not due to a placebo effect, the effectiveness of the

sham stimulation was assessed after each session by a questionnaire. Participants

rated whether the brain stimulation was perceived as real, placebo, or whether

they did not know. After the active tRNS session, 89.74% of participants rated the

session as real tRNS. After the sham tRNS session 76.32% of participants rated the

session as real. A McNemar test for within subject ratings was performed to assess

whether participants accurately distinguished real and sham stimulation sessions.

28 participants rated both sessions as real stimulation, 1 participant rated both

session as sham. 1 participants rated the real tRNS session as placebo and the sham

session as real. Only 2 accurately identified the real tRNS session and the sham

session. statistically, there was no indications for a placebo effect (X2= 0, p=1).

5.3 Discussion

The results of this chapter indicated that 1 mA tRNS over the fronto-parietal areas

induced performance improvements in the ACT. Firstly, participants improved in

accuracy when performing the monotonous vigilance condition. Secondly, a general

improvement in all three task versions was seen for those participants that had the

lowest hit rate during baseline. Importantly these effects were not due to blinding

since a large majority of participants perceived both real and sham stimulation as

genuine. Different to Chapter 2, CoV was not affected by tRNS in this study.

CoV increased with increased task complexity. Similarly, pre-trial pupil size

was affected by task condition, with increased pupil size in the distractor search
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compared to the two easier ACT tasks, indicating a similar pupil size between the

vigilance and simple search tasks. Furthermore, pupils were reduced in later blocks

compared to the first block, which aligns with Chapter 4. An additional analysis

revealed that at baseline in the vigilance condition, pretrial pupil size and CoV

were positively associated, indicating that a greater pupil lead to more variable

responses. Moreover, in the two search tasks, the opposite was true, namely a

negative association predicting more stable performance when pupils were dilated.

Furthermore, I attempted to compare the outcomes between the TBR calcu-

lated in a traditional way based on the absolute power in the theta and beta

frequencies, and the TBR calculated based only on periodic activity. In addition,

I also aimed to examine whether the slope of the full power spectrum, also called

AE or 1/f, was a marker of sustained attention. There were no significant effects

except for the respective baseline measures, indicating that the EEG spectrum

did not change with tRNS, nor relate to behavioural performance and baseline

pupil size in this experiment.

MW scores were imbalanced during the intervention part of the session, re-

vealing that only a small proportion of the blocks was reported as task-focused.

However, the baseline data confirmed a smaller pupil size when participants mind

wandered during the task compared to when they were focused or distracted by

task-relevant thoughts.

5.3.1 Behavioural Improvements during tRNS

Random noise has previously been suggested to benefit sustained attention per-

formance. My results align with those found by Harty & Cohen Kadosh (2019),

despite the difference between the CMT and ACT tasks from both studies. Overall,

tRNS improved performance only during the monotonous vigilance condition which

most closely resembles the CMT in terms of task demand. The current study

followed the tRNS protocol closely and replicated the device and electrodes used,

montage and current intensity. The tRNS was applied across three different tasks

lasting 10 minutes each, whereas Harty & Cohen Kadosh (2019)’s stimulation
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lasted 20 minutes in total and was applied during four 5-minute blocks. My

results indicated that participants became more accurate during the intervention

but response variability was unaffected. In contrast, Harty & Cohen Kadosh (2019)

found improved response variability but did not report better accuracy. One reason

might be that in the ACT vigilance condition, more emphasis is placed on pressing

the correct button in response to seeing a stimulus that is predictable in time. In

contrast, the CMT is focused on detecting a change in the presented stimulus as

early as possible in a long response interval of 1600 ms and respond as fast as

possible. The latter might have allowed participants to respond accurately most of

the time with the salience of the stimulus steadily increasing during the response

interval, but differences in sustained attention could be measured by the speed

at which participants noticed the stimulus change and the consistency at which

they performed the task. In comparison, the ACT requires a decision about which

button to press, and, although the instructions asked to make fast and accurate

responses before the stimuli disappear, participants might have prioritised speed by

submitting a response within the shorter 1000 ms response interval, which could

have led to more mistakes when attention was diverting from the task. Indeed,

another tRNS study (Lema et al., 2021) found performance improvements on all

three conditions of the ANT, consisting of alerting (sustaining a state of readiness

similar to sustained vigilance), orienting (spatial attention such as detection a

novel stimulus), and executive (conflict resolution associated with a goal), see

Petersen & Posner (2012). Importantly, when participants were asked to focus

on speed, left frontal tRNS increased accuracy, but when focused on both fast

and accurate responses, participants showed a decrease in RT during the executive

task only (Lema et al., 2021). The difference in electrode montage might suggest

that the studies are difficult to compare. However, since the ANT is a cued

paradigm, left frontal brain regions might be more involved in supporting task

performance, whereas in the CMT and ACT, right fronto-parietal and bilateral

regions are implied to sustain attention in monotonous and non-cued tasks (Fan

et al., 2005). For example, bilateral tRNS over the parietal cortex improved
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attentional selection (N. Shalev et al., 2018), detection sensitivity to temporal

differences in stimulus display (Tyler et al., 2018) and orientation discrimination

along with increased functional connectivity in the dorsal and ventral attention

networks (Contò et al., 2021).

In contrast to the finding of improved accuracy in a simple monotonous task,

Moret et al. (2021) found improved RT’s but no change in the speed-accuracy trade-

off in a simple Go/No-go task in a simple reaction time task with and without

training when 1.5 mA left frontal tRNS was applied. However, bilateral frontal

tRNS improved performance on a simple monitoring task (B. Frank et al., 2018).

Interestingly, performance on the primary waste water treatment simulation task

in the study did not improve after a single session, but when performing the same

tasks 2 weeks later without stimulation, participants in the tRNS group performed

better at the more difficult simulation task. Moreover, the improvement depended

on participants’ general mental ability, indicating a greater benefit of the tRNS

for participants with lower mental scores.

This is in line with my results, predicting an overall benefit on all ACT condi-

tions for participants that performed worse at baseline and with Harty & Cohen

Kadosh (2019)’s finding of greater improvements for participants with lower TBR

indicating lower baseline attention. Importantly, the effect was significant across

the different versions of the ACT suggesting that tRNS can be beneficial for

complex tasks as well as monotonous environments. Similar effects have been

proposed in the field of arithmetic skill (Pasqualotto, 2016; Snowball et al., 2013).

This could have important implications for learning and education and is in line

with literature on tRNS and mathematical problems (Snowball et al., 2013; Van

Bueren et al., 2023).

Together with Chapter 2, the difference between CoV and hit rate predicting the

stimulation success might indicate that the differences between sustained attention

requirements specify which predictor is most valuable in the context of the task.

In both chapters, behavioural scores were the most predictive of tRNS gains.
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Although one might argue that participants with low baseline have more room

for improvement, in my study participants with more room to improve performed

better during active tRNS in a within-subject design, which indicated that the

same participants with low baseline did not improve to the same degree during

sham stimulation. In addition, the performance improvement was significant across

the three task difficulties, showing that performance improved both with less and

more room to improve in those individuals. Similarly, placebo effects can account

for behavioural effects in brain stimulation studies (Fassi et al., 2023), which is

unlikely in the current study as the blinding procedure was found to be effective.

The study results indicated that participants that have more difficulties with

sustained attention tasks profited more from tRNS but at the same time, tRNS

improved performance during an easy task for all participants and there were no

benefits when the task was difficult. These two results stand in contrast with each

other, one in line with previous studies improving monotonous and simple task

performance via tRNS (B. Frank et al., 2018) and the other with improvements

when performance is more difficult, within or between participants, (Harty & Cohen

Kadosh, 2019; Van Bueren et al., 2023). Yet, previous studies found improvement

in both monotonous and executive tasks (Lema et al., 2021; Moret et al., 2021).

It is also possible that some studies found an overall effect but did not test for an

interaction with baseline. The literature seems to support performance benefits

during frontoparietal tRNS in a monotonous task and it is possible that a different

head montage could have supported the control component of the search tasks

similar to (Lema et al., 2021; Van Bueren et al., 2023). This is supported by

a lesion-study which showed more involvement of the middle frontal gyrus and

superior parietal lobe which are both superior to the tRNS electrodes chosen in

this study and could have lead to suboptimal tRNS (Cojan et al., 2021). Since

the final sample was smaller than planned, it is also possible that the study was

under-powered to detect a 3-way interaction between tRNS, task, and baseline.

Overall, the outcome of this experiment imply that tRNS could be a valuable

tool to improving sustained attention but it is important to target the intervention
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to those who experience difficulties. The improvement was predicted by base-

line accuracy but not by other behavioural or physiological predictors. Future

studies should investigate the benefits of sustained attention intervention in a

learning context.

5.3.2 Effects of Pupil Dilation in Sustained Attention

Pupil dynamics have been linked to cognitive arousal processes associated with the

LC which support sustained vigilance (Alnæs et al., 2014). Pupillometry has also

been used as a marker for increased task demands (Alnæs et al., 2014; Pan et al.,

2022; Zénon et al., 2014). This was supported by my results, indicating a greater

pupil size in more demanding conditions. Specifically, I found greater pupil dilation

during the distractor condition which could indicate that performing this task for 10

min elicited greater arousal in participants than when they had to detect targets

or perform a simple search. This is in line with previous findings (Alnæs et al.,

2014; Pan et al., 2022; Zénon et al., 2014). One alternative explanation could be

that a larger pupil was triggered by the darker screen because more black stimuli

were displayed during this condition. Pupils are known to constrict in brighter

conditions (Guillon et al., 2016). Since the vigilance and simple search task have

identical screen luminance, whereas the distractor search, by displaying double the

amount of stimuli has a lower luminance could explain why pupils constricted more

during the brighter stimuli blocks. However, pupils were measured only during the

pre-trial fixation screen which was the same between all three tasks.

Furthermore, pupil size explained changes in CoV and this association was

different between the vigilance condition and the two search tasks. In particu-

lar, responses were more stable when pupil sizes were small when the task was

monotonous, indicating a performance benefit when arousal was low. In contrast,

when performing the search tasks, higher levels of arousal were associated with

better performance. Importantly, the latter effect was the same with and without

distractors, which contradicts an influence of luminance and indicate that the

difference arose from changes in task demands.
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These results contradict previous findings stating that difficult tasks require less

arousal than simple tasks (Teigen, 1994), but is in line with Chapter 4 and Pan et

al. (2022). Since the relationship between arousal and performance is described

as an inverted U-shape (Teigen, 1994), it is possible that in the monotonous task,

too high levels of arousal lead to distractibility and hence more variable responses.

Furthermore, in difficult tasks, when arousal was lower than required for the given

search requirements, unstable responses might have been consistent with the other

end of the inverted U-shape, leading to hypoarousal and inconsistent button presses.

Although it is counter-intuitive to the prediction of required arousal for simple and

difficult tasks, it might be possible if the baseline arousal induced by the search

tasks was higher than in the vigilance task leading to overall higher pupil sizes than

during the vigilance task. Future studies might want to investigate the interaction

between induced and required arousal in visual tasks.

Additionally, baseline pupil size predicted MW ratings, revealing smaller pupils

when participants reported having internal task-unrelated thoughts compared to

when they were focused, indicating that MW was associated with low arousal.

This finding is in line with Chapter 4 and Unsworth & Robison (2016). Overall,

this indicates that diverting thoughts during the ACT did not depend on the

demands of the performed task and occurs in all task conditions when arousal

is low (Thomson et al., 2015).

Furthermore, small pupils and low arousal have been associated with MW, and

large pupils with high arousal and distractibility (Unsworth & Robison, 2016).

Although the data did not allow me to test this directly, in the search tasks,

participants were more focused when their pupils were large. Together with the

larger pupil size for task-focus thoughts, it is possible that MW occurred due to

hypoarousal when performance was less stable. This is consistent with Martínez-

Pérez et al. (2021)’s finding that unintentional MW was greater in tasks that

required high-effort. In the vigilance task, however, less stable performance could

have been due to distractibility and hyperarousal, with MW occurring during

periods of more stable task performance. It would be interesting to explore further
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whether more variable response times are related to distractibility rather than

MW during monotonous ACT.

The current results suggest that tRNS may not affect pupil dilation. No previ-

ous studies known to me at this time have assessed the effects of pre-frontal tRNS on

pupil dilation during a sustained attention task. However, Kawakami et al. (2024)

applied 1mA tRNS over the cerebellum while participants performed a visuomotor

learning task with no significant effects on performance or pupil size compared

to sham. One reason why pupil size did not change with tRNS, might be that

the fronto-parietal excitability compensated for sub-optimal control and arousal

relevant to the task and improved behaviour rather than boosting the underlying

top-down and bottom-up processes activating the sustained attention network.

In conclusion, pupil size was found to mark arousal states across different tasks

and in line with performance outcomes and attentional states but more research

is needed to disentangle the states of arousal during low and high effort tasks in

relation to MW and task performance.

5.3.3 Strengths and Limitations

This study was the first to test the effects of tRNS on behavioural and physiological

predictors in a sustained attention task with different levels of complexity while

controlling for the effects of motivation and sleepiness. All tasks and interven-

tions were within-subject and an effective double-blind protocol ensured that the

outcomes are not due to placebo.

In addition, the EEG measurements included two different versions of the TBR

and the overall slope of the aperiodic power. In contrast to Harty & Cohen Kadosh

(2019), the current results did not indicate involvement of these markers of cognitive

control. Previous studies have criticised the validity of TBR as a cognitive marker

(Saad et al., 2018). A limitation of the current study was that resting-state EEG

was only measured before and after the baseline and tRNS intervention but not in

between different tasks. Therefore, one explanation could be that the different task

versions had opposing effects on the EEG markers, which was the case in Perone et
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al. (2021) and as a result would cancelled out. Future research should investigate

changes in EEG markers between high and low effort sustained attention tasks.

Previous literature suggests that flattened aperiodic slopes have been found

to be associated with slower and worse performance across domains (Euler et al.,

2024), individuals with reduced cognitive control (Pi et al., 2024), and greater

arithmetic gains when applied over the bilateral prefrontal cortices (Sheffield et al.,

2020; Van Bueren et al., 2023). The current results did not suggest an association

between baseline AE and performance on the ACT.

Assessment of MW was limited to the baseline period in the current task. As

before in Chapter 4, very few blocks were rated as external distractions which

can be attributed to the quiet environment in the study room. Furthermore,

during the second session on each day (with either sham or real tRNS), very few

blocks were rated as task-focused which made it impossible to estimate the effects

of tRNS. Future studies might consider more controlled experiments to induce

external distractions and MW in order to achieve a more homogeneous sample.

5.3.4 Conclusion

The current study showed that active tRNS had an effect on monotonous vigilance

performance in a sample of young healthy adults. In addition, participants with low

performance at baseline improved in monotonous and higher complexity sustained

attention tasks. Future studies should examine whether the current findings could

be extended to target for medical intervention across a variety of settings with

implications for learning in educational settings. Secondly, the differences between

monotonous and difficult task demands indicated the modulation of arousal and

task performance, leaving interesting questions about attentional states and MW

to be explored by future research.
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In this thesis, I aimed to investigate behavioural and physiological sustained at-

tention markers during low and high demand visual tasks, which could have prog-

nostic benefits in brain stimulation interventions in neurotypical, young adults,

specifically transcranial random noise stimulation (tRNS). To that end, I assessed

data on behavioural performance in sustained attention paradigms, self-reported

mind wandering (MW), pupil dynamics, electroencephalography (EEG) spectral

markers, and tRNS intervention. I analysed data from one previously published

study in our lab (Harty & Cohen Kadosh, 2019) and collected data across two

online, and two lab-based studies.

6.1 Summary of the Experiments

All studies recruited young adults (18-35 years old) without any psychiatric or

neurological conditions. In Chapter 2, I examined whether behavioural and EEG

markers at baseline could predict tRNS-related performance improvements during a

continuous monitoring task (CMT), see O’Connell et al. (2012). Then, I compared

which marker could best explain the data. In Chapter 3, I adapted a simple airplane

control task (ACT; see Nelson et al. (2014)) to test visual search with low and high

load. This was achieved by adding visual distractors while keeping motor responses
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and timing stable. In two consecutive online studies, I explored the relationship

between performance and attentional state measures to investigate the difference

between sustained attention tasks with lower and higher complexity and longer and

shorter duration.

In Chapter 4, I replicated the online findings in a lab-based study and examined

pupil dynamics as markers of arousal and cognitive control. Lastly, in Chapter 5,

I added a vigilance condition to the ACT, which enabled me to test the differences

between monotonous vigilance, simple search, and distractor search. In a double-

blind, within-subject, sham-controlled study, I investigated the benefits of tRNS on

sustained attention markers including performance scores, attentional state ratings,

pupil dynamics, and EEG resting-state measures.

The thesis focused on a number of sustained attention outcomes. Task perfor-

mance was evaluated with regards to hit rate and response variability (Coefficient of

Variation; CoV). Prompts assessing attentional states such as MW, distraction, or

task focus appeared between task blocks. Everyday-life attentional and cognitive

failures were reported via questionnaires. The Cognitive Failures Questionnaire

(CFQ) focused on attention and memory lapses in daily life, and the Adult ADHD

Self-Report Scale (ASRS) assessed attention difficulties in coherent with Attention-

Deficit/Hyperactivity Disorder (ADHD) symptoms (Broadbent et al., 1982; Kessler

et al., 2005). Pupil size was recorded during resting-state recordings and during

task performance, analysing the pre-trial fixation periods, which reflect the baseline

arousal state. EEG was recorded from resting-states, and I analysed the theta/beta

ratio (TBR) and aperiodic exponent, i.e. the slope of the EEG frequency spectrum.

The tRNS was applied online during attention tasks for either 20 or 30 minutes

over fronto-parietal sites (F4 and P4 of the international 10-20 system) with a

current strength of 1 mA peak-to-peak.
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6.2 Summary of the Findings

On the behavioural level, I found an effect of task complexity which affected

accuracy and CoV in the opposite way, indicating that more complex visual search

decreased accuracy but facilitated more consistent response times. This effect was

found for task blocks that were at least 90 seconds long and was true for online

and lab-based studies in Chapter 3, 4, and 5.

Across studies from Chapter 4 and 5, pre-trial pupil size decreased in later

blocks and increased with heightened task demands. In Chapter 4, greater pre-

trial pupil size predicted lower accuracy on the ACT, indicating increased arousal

was disadvantageous to perform well. CoV in Chapter 5 was predicted to be

lower by smaller pre-trial pupil size in the vigilance task, but by larger pupils

in the two search tasks. This would suggest that less arousal was indicative

of better vigilance performance whereas search tasks required higher arousal for

better performance. Chapter 4 and 5 found that a smaller pupil size was predicted

in blocks where participants reported to be MW compared to blocks when they

were focused on the task.

tRNS improved task performance but there was no indication that it induced

changes in MW, pupil or EEG markers. In both Chapters 2 and 5, tRNS improved

performance in a monotonous sustained attention task and in both studies, there

was a tRNS-related advantage for participants who performed worse at baseline

which was predicted by the respective behavioural score (CoV, HR). In Chapter 2,

response variability decreased, and in Chapter 5, hit rate was improved compared

to sham. Whereas CFQ was a significant predictor for the improvement in CoV in

Chapter 2, there was no association of questionnaire outcomes with performance on

the ACT. In addition, Harty & Cohen Kadosh (2019) found that TBR predicted

tRNS success in the sample from Chapter 2.

The findings concluded that:

1) A single session of tRNS improved sustained attention performance in neu-

rotypical, young adults and this improvement was moderated by baseline
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Figure 6.1: Summary of the findings. The results for all experimental chapters are
summarised, separated into baseline findings (grey) and findings during tRNS (white).
a. Baseline association between ACT complexity, pupil dilation, and sustained attention
measures. Pupil size was smaller during reported states of MW, and larger during task
focus. Pupil size decreased in later ACT blocks. Pupils dilated with increased task
complexity and with reduced hit rates. ACT complexity also redudced hit rate and CoV.
b. There was an interaction between pupil sizes, CoV and ACT complexity. During
the vigilance condition, larger pupil size was associated with more response variability,
whereas in the search conditions (with distractors absent and present) larger pupil size
was associated with less response variability. c. tRNS improved performance in the
CMT and ACT. A reduced CoV during active tRNS compared to sham stimulation was
predicted by higher baseline CoV, TBR, and CFQ. In the ACT, lower baseline hit rate
predicted improved hit rate during the ACT across all three conditions. In addition,
tRNS improved hit rates in the vigilance condition for all participants.
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ability and task complexity. These effects could not be explained by placebo

effects.

2) CoV and hit rate measure sustained attention outcome but represent dif-

ferent aspects of sustained attention depending on the task parameters and

complexity.

3) Pupil dilation reflected changes in task demand and cognitive arousal and

predicted CoV, but was not significantly affected by tRNS.

4) Although TBR was a significant predictor of tRNS improvement in the sample

from Chapter 2 (Harty & Cohen Kadosh, 2019), none of the EEG measures

assessed in Chapter 5 were significantly associated with other sustained at-

tention markers and TBR did not significantly change after tRNS.

6.3 tRNS Benefits on Sustained Attention

With regards to my aims, I confirmed that tRNS can improve attention outcomes in

sustained visual tasks. Chapter 5 was the first study to replicate sustained attention

benefits in participants with poor baseline performance, and the first study to exam-

ine tRNS effects in context of both monotonous and complex sustained attention

requirements. In line with Harty & Cohen Kadosh (2019), tRNS over the right

fronto-parietal region improved performance during a new monotonous vigilance

task. This benefit was present for a sample of young, neurotypical adults as has

been the case with overall attention-related tRNS improvements from previous

studies (Berger et al., 2021; Contò et al., 2021; Moret et al., 2021; N. Shalev et

al., 2018; Tyler et al., 2018). What is more, in both Chapter 2 and 5, the notion

that participants with poor baseline improve more during active tRNS (Harty &

Cohen Kadosh, 2019) was replicated. This benefit could be predicted via baseline

performance in the two respective tasks. High baseline CoV was the best predictor

for improved CoV on the CMT, and low baseline hit rate predicted improved hit

rate in the ACT. CFQ and TBR were predictive of improvements on the CMT

140



6. General Discussion

in Chapter 2, but could not be replicated in the ACT. In the field of sustained

attention, not much is known about how baseline ability impacts the effects of

tRNS. However, my results are in line with previous studies (B. Frank et al., 2018;

Van Bueren et al., 2023).

The enhancement of a suboptimal or weak signal via an optimal level of noise

(visual or tRNS), also known as the phenomenon of stochastic resonance, follows an

inverted U-shape function (Van Der Groen & Wenderoth, 2016). In Van Der Groen

& Wenderoth (2016), detection accuracy of a weak visual stimulus was improved

via visual and random noise (tRNS). Moreover, the amount of noise needed to

maximise performance was in the medium range and very low and very high noise

were not as effective. Although only one current intensity was used in the studies

presented in this thesis (1 mA), stochastic resonance can explain the prognostic

role of baseline. In my case, the suboptimal or weak signal in the right fronto-

parietal attention network might be the source for low baseline performance in

some participants, whereas others might have close to optimal network activity

that do not benefit from added noise. One explanation why participants with

low baseline can experience an improvement, might be that the increased cortical

excitability (Brancucci et al., 2023) compensates for lower top-down and bottom-

up engagement.

Overall, my findings are consistent with the tRNS literature and contribute

novel insights into the performance improvements and limitations of this method-

ology. Firstly, sustained attention accuracy performance was improved in young,

neurotypical adults when the task was monotonous and simple. Furthermore, task

performance was identified as a useful baseline marker for sustained attention,

predicting improved accuracy and response variability across tasks with differ-

ent complexity.

141



6. General Discussion

6.4 Sustained Attention, MW, and Physiological
Markers of Performance

Decreased performance can be identified by a decrease in accuracy as more errors

are made (J. F. Mackworth, 1964; Makeig & Inlow, 1993). Response variability is

another measure quantifying performance, especially in sustained attention tasks

by estimating the fluctuation between focused, or stable responses and unfocused,

or variable responses (Esterman et al., 2013; Fortenbaugh et al., 2018; Yamashita

et al., 2021). Therefore, in sustained attention tasks, higher hit rates and smaller

CoV scores indicate better performance. These two measures can be associated

with one another in the same task (Esterman et al., 2013; Fortenbaugh et al.,

2015). In the ACT, both performance markers, i.e. hit rate and CoV were affected

by changes in task complexity, although in the opposite direction. While distractors

facilitated more coherent response times, hence a smaller CoV, hit rate was reduced,

indicating an interplay between cognitive control and arousal (O’Connell et al.,

2008). Distractors are known to increase cognitive control demands of a task (Alnæs

et al., 2014; Demeter et al., 2011; Martínez-Pérez et al., 2023), which might have

led to lower accuracy on the distractor condition of the ACT. CoV, on the other

hand improved, which is consistent with the finding of higher arousal in more

complex tasks (Matthews & Davies, 2001). In support of this hypothesis, I found

increased pupil dilation for the more complex ACT condition, which is a marker for

increased locus coeruleus (LC) arousal (Alnæs et al., 2014; Pan et al., 2022; Zénon

et al., 2014). In line with previous research, pupil size decreased after the first block

of the ACT and were associated with better hit rate (Unsworth & Robison, 2016).

Moreover, pupil size predicted changes in CoV, revealing that higher levels

of arousal as indicated by larger pupil size, were associated with more response

variability in the vigilance condition, but with smaller variability in the two search

conditions. Although it is generally accepted that more arousal is required for

optimal performance in monotonous tasks than in more demanding tasks (Teigen,

1994), it has also been found that more demanding tasks induce higher levels of
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arousal (Aston-Jones & Cohen, 2005; Thomson et al., 2015). In addition, the

relationship between arousal and performance is often described by an inverted U-

shape function, indicating optimal performance at moderate arousal levels (Teigen,

1994; Yerkes & Dodson, 1908). While the current study could not directly test

a difference between induced and required arousal, higher arousal might have

been induced when distractors were present, as reflected by the larger pupil size

compared to vigilance and simple search. Furthermore, it can be hypothesised that

when arousal was suboptimally high during the vigilance task, responses became

more inconsistent due to distractibility. However, in the search task, a higher

arousal level indicated by greater pupil dilation, co-occurred with more stable

responses, which could mean that the required arousal for optimal performance in

this task was high. If arousal was lower than optimal, this could lead to higher CoV

due to hypoarousal. For example, a high CoV in context of sustained attention

has been found related to both a distracted cognitive state and hypoarousal in

individuals with ADHD (Adams et al., 2011).

A clearer picture of the interplay between induced and required arousal might be

investigated by keeping required arousal stable compared to when required arousal

is different between task conditions, while measuring arousal via pupil size.

In this example, similar to the ACT, two tasks with low and high demand might

be used. Overall pupil size difference between a low and high-demand condition are

measured along with the difference in performance. Since performance differences

marked increases in task demand in the ACT, if the same performance levels are

achieved in both conditions, the required arousal would be comparable. This could

be achieved using a staircase procedure and adjust, for example, the response

time window. The difference in the measured arousal could then be compared as

induced arousal without the influence of required arousal.

The presented studies did not indicate a significant association between task

performance and MW, and different from performance, MW was not significantly

predicted by task parameters, such as condition and blocks, or tRNS. This mirrors

previous findings where MW was not significantly affected by task performance
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(Walker & Trick, 2018). Yet, other results indicate that task demand and MW

covary but arise from different brain states (Jin et al., 2020). While visuospatial

processing in parietal temporal and occipital areas underlies low task demand, MW

was classified by processes of thought generation, semantic processing, and memory

retrieval. The right medial frontal gyrus, known to support inhibitory control,

selective attention, and visual perception was associated with both processes, po-

tentially indicating sensory decoupling during both low task demand and MW

(Jin et al., 2020).

Although the relationship between performance and MWwas not painted clearly

based on my results, MW and pupil markers indicated that the relation between

pupil size and MW was not coherent with performance, i.e. pupil dilation indicated

reduced accuracy and reduced MW. Pupil size was larger when participants were

focused on the task, compared to MW. Furthermore, less but longer blinks predicted

more MW. These results are in line with previous findings. Pupil size has been

predictive of MW during breath-counting and vigilance, with larger pupils during

task focus (Grandchamp et al., 2014; Unsworth & Robison, 2016). A link of MW

with longer blink duration has been proposed during reading (Huette et al., 2016),

and with fewer and longer blinks in cognitive tasks (Benedek et al., 2017). The

current findings extend this insight for low- and high demand search tasks.

6.5 Limitations and Challenges

The current series of experiments was subject to limitations and challenges. While

Chapter 4 provided some interesting insights into the relationship between pupil

markers and MW, MW was assessed via thought probes after each task block.

In order to prolong periods of required task focus, these probes were minimal,

especially in Chapter 5 (3 at baseline and 3 during tRNS) which resulted in

unbalanced ratings and difficulties analysing this data. Future studies should

emphasise MW and incorporate probes more often during the task in order to

gather more data. Moreover, one rating option was to indicate external distractions
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from sights and sounds. Since the studies were carried out in a soundproof booth,

very few participants reported this type of distraction leading to difficulties of

replicating the results from Unsworth & Robison (2016) in Chapters 4 and 5.

One solution could be to design a primary attention task which encourages MW

directly, e.g. by instructing to mind wander specifically (Safati et al., 2024), by

prompting participants with personal thoughts (McVay & Kane, 2013), or inducing

a negative mood (Smallwood & O’Connor, 2011). Furthermore, to induce external

distractions, a secondary stimulus (same or different modality) could be introduced,

or a task-unrelated feature in the relevant stimuli could be manipulated to facilitate

distracted states. In this way, more balanced thought probes could be gathered

to investigate the effects of tRNS or performance.

One limitation in the ACT, was that the typical performance decrement was

not present across task blocks, instead, performance improved over time indicating

that search performance showed learning effects. A decrement in performance is

an essential part of sustained attention as described by J. F. Mackworth (1964)

and has since been adopted in numerous studies (e.g. Martínez-Pérez et al., 2023;

Ralph et al., 2015; Thomson et al., 2015). My studies were instead focused around

block-based accuracy and response variability scores to relate to physiological

measures and record improvement compared to previous blocks. However, the

original study using a version of the simple search condition of the ACT noted a

vigilance decrement over the course of 40 minutes (Nelson et al., 2014). Different

to my study, participants did not have the opportunity to rest between each task

block which might have caused the absence of a vigilance decrement.

A further, well-known complication of sustained attention and vigilance tasks

is the component of fast responses, frequency of responses, and the requirement

to change or withhold responses when targets are detected. Especially Go/No-Go

paradigms with frequent Go trials have been scrutinised for the impact of response

inhibition in these execute tasks (Stevenson et al., 2011). Although the processes

are not identical (Tiego et al., 2018), for goal directed attention, the impact of

cognitive control is important (Diamond, 2013) and has been discussed in this thesis
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as an underlying cognitive mechanism for sustained attention. Both attentional

control and inhibitory control are reliant on prefrontal control areas (Stevenson

et al., 2011; Tiego et al., 2018). Right dlPFC excitatory transcranial direct stim-

ulation has been shown to improve stop signal performance (Friehs et al., 2021),

and along with attentional difficulties, reduced inhibitory control is one symptom

of ADHD (Shen et al., 2011). Moreover, theta activity and pupil correlates of

response inhibition have been identified, which closely mirror markers of sustained

attention, and the authors argue that a link between the LC noradrenergic is

possible (Dippel et al., 2017). As discussed in the previous section, pupil markers

have been found to mark arousal and cognitive control related processes that are

required during the maintenance of attention on a task over time. These findings

underline the close relationship between inhibitory control and sustained attention,

which was beyond the scope of my thesis. However, the current chapters featured

different attention tasks with differing task demands. Both, in the CMT and ACT,

tRNS could improve performance. Importantly, the CMT relies on infrequent

target detection, similar to what is also referred to as traditionally formatted tasks,

and is accepted to place less response inhibition demands (Stevenson et al., 2011).

The ACT, in contrast, is formatted similar to the SART paradigms with frequent

congruent trials and infrequent target detection trials and associated with higher

response inhibition demands (Stevenson et al., 2011). With regards to tRNS, I

found results in both monotonous vigilance conditions assessed in both formats, as

well as in more demanding search tasks, which could indicate that differing control

requirements cannot explain the effects fully. Since inhibitory control could still

be a confounding factor in the current research, further studies could shed light its

contribution in both paradigms. Due to the frontal impact of response inhibition,

future studies may investigate the individual impact of frontal compared to parietal

tRNS during the CMT and the ACT, or introduce an additional ACT condition

in traditionally formatted style.
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6.6 Conclusion and Future Directions

The results of the presented thesis indicate that pupil dynamics have close asso-

ciation with sustained attention through a link with MW, task performance, and

task demand in line with theories of arousal and cognitive control. Furthermore,

sustained attention, during monotonous and difficult tasks, is susceptible to the

positive effects of tRNS. Importantly, the results indicate that while neurotypical

young adults profited from the intervention, individual baseline differences are valu-

able prognostic aids to determine the benefit from tRNS. This result is especially

meaningful in the context of improving sustained attention in educational settings

and in patient groups that show impairments in sustained attention. Few studies

have already investigated the effects of tRNS with training and over several days,

indicating long-term benefits and changes in plasticity (Berger et al., 2021; B. Frank

et al., 2018; Popescu et al., 2016; Snowball et al., 2013; Van Der Groen et al., 2022).

Similar results could be extended to sustained attention, not only investigating

whether there are long-term benefits but importantly, which predictors for these

changes can be identified. Furthermore, the behavioural predictors that I identified

in Chapters 2 and 5, could be applied in more advanced research targeting person-

alised benefits from tRNS. One recent study found optimised parameters for tran-

scranial alternative current stimulation targeted to improve arithmetic problem-

solving using machine learning (Van Bueren et al., 2021). Indeed, preliminary

findings from a study that I co-authored (Cohen Kadosh et al., n.d., submitted

for review) suggested that across three sessions, personalisation of tRNS based on

baseline performance using Bayesian Optimisation, yielded greater sustained atten-

tion performance improvements than generic current intensity or sham tRNS. By

harnessing the powers of closed-loop intervention systems which update parameters

and course of the intervention, tRNS benefits could be maximised. Use-cases might

be, but are not limited to patient treatment, training and learning environments,

professions that rely on machine monitoring, or driving accident prevention.
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A.1 Replicated Analysis

Table A.1: Baseline TBR Predicting CoV during tRNS

model term estimate SE df t p

Intercept 0.46 0.00 201 103.10 <.001

1 mA tRNS -0.02 0.01 201 -3.65 <.001

2 mA tRNS -0.01 0.01 201 -1.18 0.238

Baseline TBR 0.01 0.01 201 0.65 0.515

Baseline CoV 0.69 0.04 201 15.59 <.001

1 mA tRNS x Baseline
TBR -0.04 0.01 201 -2.90 0.004

2 mA tRNS x Baseline TBR -0.01 0.02 201 -0.65 0.517

Notes. The Table shows the fixed effects for the mixed model CoVs~ tRNS *
TBRpre + baseline CoV + (1| subject) predicting coefficient of variation
during tRNS by baseline TBR for all main effects and interactions.

A.2 Changes in CoV during tRNS
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Table A.2: Baseline CoV Predicting CoV during tRNS

model term estimate SE df t p

Intercept 0.46 0.00 195 102.66 <.001

1 mA tRNS -0.02 0.01 195 -3.65 <.001

2 mA tRNS -0.01 0.01 195 -1.22 0.223

Baseline CoV 0.91 0.08 195 11.54 <.001

1 mA tRNS x Baseline CoV -0.43 0.11 195 -4.09 <.001

2 mA tRNS x Baseline CoV -0.26 0.10 195 -2.54 0.012

The Table shows the fixed effects for the mixed model CoVs~ tRNS * Covbl +
(1| subject) predicting coefficient of variation during tRNS by baseline CoV
for all main effects and interactions.

Table A.3: CFQ Predicting CoV during tRNS

model term estimate SE df t p

Intercept 0.46 0.00 201 103.71 <.001

1 mA tRNS -0.02 0.01 132 -3.69 <.001

2 mA tRNS -0.01 0.01 132 -1.16 0.248

CFQ 0.00 0.00 201 2.00 0.046

Baseline CoV 0.66 0.04 104 15.39 <.001

1 mA tRNS x CFQ 0.00 0.00 132 -3.53 <.001

2 mA tRNS x CFQ 0.00 0.00 132 -0.29 0.775

The Table shows the fixed effects for the mixed model CoVs~ tRNS * CFQ +
Covbl + (1| subject) predicting coefficient of variation during tRNS by CFQ
for all main effects and interactions.

A.3 Discriminability as Outcome Predictor

Table A.4: Baseline A’ not a Predictor of CoV during tRNS

model term estimate SE df t p

Intercept 0.46 0.00 188 96.49 <.001

150



A. Chapter 2 Appendix

Table A.4: Baseline A’ not a Predictor of CoV during tRNS

model term estimate SE df t p

1 mA tRNS -0.02 0.01 188 -3.35 <.001

2 mA tRNS -0.01 0.01 188 -1.18 0.238

Baseline A’ 0.41 0.54 188 0.76 0.446

Baseline CoV 0.65 0.04 188 14.46 <.001

1 mA tRNS x Baseline A’ -0.84 0.77 188 -1.09 0.275

2 mA tRNS x Baseline A’ 0.10 0.85 188 0.11 0.909

The Table shows the fixed effects for the mixed model CoVs ~ tRNS * A’ +
CoVbl + (1| subject) predicting coefficient of variation during tRNS by
baseline A’ for all main effects and interactions.

Table A.5: Baseline A’ not predicting A’ during tRNS

Fixed.Effects estimate SE df t p

Intercept 0.99 0.00 192 870.27 <.001

1 mA tRNS 0.00 0.00 129 -0.48 0.633

2 mA tRNS 0.00 0.00 130 -1.85 0.067

Baseline A’ 0.26 0.13 193 2.02 0.045

1 mA tRNS x Baseline A’ -0.13 0.18 194 -0.72 0.473

2 mA tRNS x Baseline A’ -0.23 0.20 181 -1.18 0.242

The Table shows the fixed effects for the mixed model (A’s ~ tRNS * A’bl + Covbl +
(1| subject) predicting coefficient of variation during tRNS by baseline A’ for each

predictor.

A.4 Changes in Post-Stimulation TBR during tRNS

Table A.6: Baseline TBR Predicting TBR after tRNS.

model term estimate SE df t p

Intercept 1.63 0.04 201 37.41 <.001

1 mA tRNS -0.23 0.06 133 -3.72 <.001
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Table A.6: Baseline TBR Predicting TBR after tRNS.

model term estimate SE df t p

2 mA tRNS -0.03 0.06 133 -0.47 0.638

Baseline TBR 0.73 0.11 201 6.76 <.001

1 mA tRNS x Baseline TBR -0.72 0.14 147 -5.11 <.001

2 mA tRNS x Baseline TBR -0.03 0.15 145 -0.20 0.84

Notes. The Table shows the fixed effects for the mixed model TBRpost ~
tRNS * TBRpre + (1| subject) predicting TBR during tRNS by baseline TBR

for all main effects and interactions.

Table A.7: Baseline CoV no Predictor of TBR after tRNS

model term estimate SE df t p

Intercept 1.62 0.05 201 34.77 <.001

1 mA tRNS -0.22 0.07 201 -3.28 0.001

2 mA tRNS -0.03 0.07 201 -0.49 0.628

Baseline CoV 1.35 0.85 201 1.60 0.112

Baseline TBR 0.41 0.07 201 5.96 <.001

1 mA tRNS x Baseline CoV -1.87 1.11 201 -1.69 0.092

2 mA tRNS x Baseline CoV -0.82 1.08 201 -0.76 0.446

Notes. The Table shows the fixed effects for the mixed model TBRpost ~
tRNS * CoVbl + TBRpre + (1| subject) predicting TBR during tRNS by

baseline CoV for all main effects and interactions.

Table A.8: CFQ not a predictor of TBR after tRNS

model term estimate SE df t p

Intercept 1.62 0.05 201 34.49 <.001

1 mA tRNS -0.21 0.07 201 -3.22 0.001

2 mA tRNS -0.03 0.07 201 -0.46 0.647

CFQ 0.00 0.00 201 0.37 0.709

Baseline TBR 0.44 0.07 201 6.49 <.001
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Table A.8: CFQ not a predictor of TBR after tRNS

model term estimate SE df t p

1 mA tRNS x Baseline CoV 0.00 0.00 201 -0.79 0.429

2 mA tRNS x Baseline CoV 0.00 0.00 201 -0.35 0.724

Notes. The Table shows the fixed effects for the mixed model TBRpost ~
tRNS * CFQ + TBRpre+ (1| subject) predicting TBR during tRNS by CFQ

score for all main effects and interactions.

Table A.9: Baseline Discriminability (A’) not a Predictor of TBR after tRNS

model term estimate SE df t p

Intercept 1.62 0.05 195 35.39 <.001

1 mA tRNS -0.24 0.06 195 -3.71 <.001

2 mA tRNS -0.03 0.07 195 -0.46 0.647

A’ 8.43 5.22 195 1.62 0.108

Baseline TBR 0.47 0.06 195 7.43 <.001

1 mA tRNS x Baseline CoV -3.82 7.46 195 -0.51 0.609

2 mA tRNS x Baseline CoV -4.32 8.17 195 -0.53 0.597

Notes. The Table shows the fixed effects for the mixed model TBRpost ~
tRNS * A’ + TBRpre + (1| subject) predicting TBR during tRNS by A’ for all

main effects and interactions.
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B.1 Study 1

B.1.1 MW Practice

Participants performed 10 practice items to learn how to categorise their thoughts

during later thought probes.

Table B.1: Thought Probe Practice Items

Example thought to be categorised Correct answer choice Thought Category

I was thinking about the people I can
hear talking outside

3: I am distracted by information
present in the room (sights and
sounds)

Task-unrelated and
stimulus-dependent

I was thinking about a conversation I
had yesterday

4: I am zoning out/ my mind is
wandering

Task-unrelated and
stimulus-independent

I was wondering whether my last
response was correct

2: I am thinking about my
performance on the task or how long
it is taking

Task-related and
stimulus-independent

I was thinking about which airplanes
were on a safe path

1: I am totally focused on the current
task

Task-related and
stimulus-dependent

I was thinking that the airplanes on
the screen look like birds

4: I am zoning out/ my mind is
wandering

Task-unrelated and
stimulus-independent
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Table B.1: Thought Probe Practice Items

Example thought to be categorised Correct answer choice Thought Category

I was thinking that the airplanes on
the screen are moving too fast

2: I am thinking about my
performance on the task or how long
it is taking

Task-related and
stimulus-independent

I was thinking about which button to
press

1: I am totally focused on the current
task

Task-related and
stimulus-dependent

I was thinking about feeling a little
cold at the moment

3: I am distracted by information
present in the room (sights and
sounds)

Task-unrelated and
stimulus-dependent

I was thinking about what food to add
to my shopping list

4: I am zoning out/ my mind is
wandering

Task-unrelated and
stimulus-independent

I don’t remember what I was thinking 5: Other Other

At the beginning of the online session, participants received instructions to categorise their thoughts
according to 5 categories (Unsworth & McMillan, 2014; Stawarcyyk et al., 2011). Ten example thoughts

were given for the participant to categorise during the practice session.

B.1.2 Response Variable Distributions

B.1.3 Preregistered Analyses

Table B.2: Task Focus Predicted by Motivation

model term Chi-square df p

CoV 2.68 1 0.101

Distractor <.01 1 0.982

Block Duration <.01 1 0.988

Motivation 19.29 1 <.001

Sleepiness 2.56 1 0.11

CoV x Distractor 0.03 1 0.852

The Table shows the likelihood ratio for the linear model
on-task rating ~ CoV * distractor + motivation + sleepiness
predicting subjective task focus in the ACT by performance.
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Figure B.1: Density plots for response time (a) and hit rate distributions by task
condition (simple search without distractor and distractor search). a. Response times in
the simple search condition were distributed with a wider range than during the distractor
search. Both distributions showed a negative skew (simple search: -1.06, distractor search:
-1.32) and a leptokurtic shape (simple search: 5.34, distractor search: 6.15). b. Hit rate
distributions had a similar shape with the distractor condition shifted towards the left,
indicating lower overall scores. Both distributions showed similar skewness (simple search:
-1.31, distractor search: -1.41) and kurtosis (simple search: 4.45, distractor search: 5.1).

Table B.3: MW Predicted by Motivation and Sleepiness

model term Chi-square df p

CoV 0.32 1 0.57

Distractor 0.01 1 0.914

Block Duration 1.38 1 0.24

Motivation 51.84 1 <.001

Sleepiness 14.47 1 <.001
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The Table shows the joint test for the generalised linear
model (MW probe ~ CoV + distractor + block Duration +

motivation + sleepiness + (1| subject) predicting MW ratings
in the ACT by performance.

Table B.4: CoV Predicted by Sleepiness

model term df1 df2 F p

CFQ 1 39 0.17 0.678

Motivation (mean) 1 39 0.13 0.725

Sleepiness (mean) 1 39 18.39 0.000

The Table shows the joint test for the linear model (CoV ~
CFQ + motivation + sleepiness) predicting response

variability in the ACT by CFQ.

Table B.5: Response Variability Predicted by Sleepiness

model term df1 df2 F p

ASRS (IA) 1 39 0.68 0.416

Motivation (mean) 1 39 0.13 0.720

Sleepiness (mean) 1 39 19.30 0.000

The Table shows the joint test for the linear model (CoV ~
ASRS + motivation + sleepiness) predicting CoV in the ACT

by ASRS.

Table B.6: MW Predicted by MW Intention

model term df1 df2 F p

CFQ 1 35 3.60 0.066

MW Intention 1 35 4.03 0.052

Motivation (mean) 1 35 3.27 0.079

Sleepiness (mean) 1 35 0.10 0.754

CFQ x MW Intention 1 35 0.01 0.940

The Table shows the joint test for the linear model (mean MW
Probe ~ CFQ * MW intention + motivation + sleepiness) predicting

mean MW by CFQ and MW intention.

157



B. Chapter 3 Appendix

Table B.7: MW Predicted by MW Intention

model term df1 df2 F p

ASRS (IA) 1 35 1.64 0.208

MW Intention 1 35 5.46 0.025

Motivation (mean) 1 35 2.88 0.098

Sleepiness (mean) 1 35 0.08 0.784

ASRS (IA) x MW Intention 1 35 0.10 0.748

The Table shows the joint test for the linear model (mean MW
Probe ~ ASRS (IA) * MW intention + motivation + sleepiness)

predicting mean MW by ASRS and MW intention.

B.1.4 Exploratory Analyses

Table B.8: No Significant Effects on Hit Rate

model term df1 df2 F p

Distractor 1 243.33 3.75 0.054

Block Duration 1 243.85 1.85 0.175

Block 7 243.89 1.31 0.246

Motivation 1 278.01 0.56 0.454

Sleepiness 1 262.76 3.31 0.070

Block Duration x Distractor 1 243.84 0.95 0.330

Distractor x Block 7 247.43 0.47 0.854

Block Duration x Block 7 248.54 0.71 0.660

Block Duration x Distractor x
Block

7 247.35 0.64 0.725

The Table shows the joint test for the mixed model hit rate ~
distractor * block duration * blocks + motivation + sleepiness + (1|

subject) predicting response variability.
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Table B.9: CoV Predicted by Distractor

model term df1 df2 F p

Distractor 1 43.92 21.03 <.001

Block Duration 1 189.94 1.7 0.193

Block 7 120.23 1.83 0.087

Motivation 1 232.99 0.84 0.361

Sleepiness 1 250.37 <.01 0.952

Block Duration x Distractor 1 192.27 3.17 0.077

Distractor x Block 7 50.01 0.58 0.773

Block Duration x Block 7 208.46 0.88 0.519

Block Duration x Distractor x
Block

7 208.43 1.03 0.413

The Table shows the joint test for the mixed model CoV ~ distractor
* block duration * blocks + motivation + sleepiness + (1 + distractor|

subject) predicting response variability.

B.2 Study 2

B.2.1 Response Variable Distributions

Table B.10: Hit Rate Predicted by Task Parameters

model term df1 df2 F p

Distractor 1 51.94 11.41 0.001

Block Duration 1 244.99 3.60 0.059

Block 7 118.36 4.93 <.001

Motivation 1 284.38 0.13 0.719

Sleepiness 1 218.37 2.07 0.152

Distractor * Block Duration 1 248.52 0.59 0.442

Distractor * Block 7 64.03 1.81 0.1

Block Duration * Block 7 269.80 3.03 0.004

Distractor * Block Duration * Block 7 270.39 0.74 0.642
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Table B.10: Hit Rate Predicted by Task Parameters

model term df1 df2 F p

The Table shows the joint test for the mixed model hit rate ~ distractor * block
duration * block + motivation + sleepiness + (1 + distractor| subject)

predicting hit rate in the ACT by task conditions.

Table B.11: CoV Predicted by Distractor

model term df1 df2 F p

Distractor 1 43.92 21.03 <.001

Block Duration 1 189.94 1.7 0.193

Block 7 120.23 1.83 0.087

Motivation 1 232.99 0.84 0.361

Sleepiness 1 250.37 <.01 0.952

Block Duration x Distractor 1 192.27 3.17 0.077

Distractor x Block 7 50.01 0.58 0.773

Block Duration x Block 7 208.46 0.88 0.519

Block Duration x Distractor x
Block

7 208.43 1.03 0.413

The Table shows the joint test for the mixed model CoV ~ distractor
* block duration * blocks + motivation + sleepiness + (1 + distractor|

subject) predicting response variability.

Table B.12: On-task Rating Predicted by Motivation

model term df1 df2 F
Chi-

Square
p

Distractor 1 Inf 0.06 0.06 0.801

Block Duration 1 Inf 0.02 0.02 0.9

Block 7 Inf 0.08 0.53 0.999

CoV 1 Inf 0.66 0.66 0.418

Motivation 1 Inf 29.60 29.60 <.001

Sleepiness 1 Inf 0.60 0.60 0.438
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Table B.12: On-task Rating Predicted by Motivation

model term df1 df2 F
Chi-

Square
p

Block Duration x Distractor 1 Inf 0.10 0.10 0.758

Distractor x Block 7 Inf 0.07 0.47 1

Block Duration x Block 7 Inf 0.05 0.36 1

Block Duration x Distractor x
Block

7 Inf 0.03 0.19 1

The Table shows the joint test for the generalised linear model on-task rating
~ distractor * block duration * blocks + CoV + motivation + sleepiness + (1 +

distractor| subject) predicting self-rated task focus.
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Figure B.2: Density plots for response time (a) and hit rate distributions by task
condition (simple search without distractor and distractor search). a. Response times
in the simple search condition were shifted to the left compared to the distractor search,
indicating that a shorter amount of time was required to find targets when distractors
were absent. Responses in the distractor condition were more negatively skewed (-2.19)
and showed stronger leptokurtosis (9.47) indicating a steeper cut-off of the right tail and
more values nearer the mean than in the simple search (skew= -1.25, kurtosis= 5.76). b.
Hit rate distributions in the distractor condition was shifted towards the left, indicating
lower overall scores compared to the simple search condition. Skewness (simple search:
-2.27, distractor search: -2.54) and kurtosis (simple search: 9.99, distractor search: 11.82)
values were similar in both conditions.
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C.1 Behavioural Effects

Table C.1: Distractor and Block Predicted Hit Rate

model term df1 df2 F p

Distractor 1 103.97 26.95 <.001

Block 3 103.39 43.70 <.001

Motivation 1 129.04 0.06 0.803

Sleepiness 1 127.75 0.86 0.357

Distractor * Block 3 41.46 2.25 0.096

The Table shows the joint test for the mixed model HR ~ distractor * block +
motivation + sleepiness + (1 | subject) predicting hit rate by task parameters.

Table C.2: Distractor Predicted CoV

model term df1 df2 F p

Block 3 101.01 2.23 0.089

Distractor 1 101.02 5.67 0.019

Motivation 1 125.50 0.64 0.424

Sleepiness 1 126.38 0.76 0.386
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Table C.2: Distractor Predicted CoV

model term df1 df2 F p

Distractor * Block 3 41.15 0.71 0.552

The Table shows the joint test for the mixed model CoV ~ distractor
* block + motivation + sleepiness + (1 | subject) predicting response

variability by task parameters.

Table C.3: Task Focus Predicted by Task, Motivation, and Sleepiness

model term df1 df2 F p

Block 3 105.04 1.85 0.143

Distractor 1 107.20 0.41 0.522

Motivation 1 112.46 8.87 0.004

Sleepiness 1 117.05 5.86 0.017

Distractor * Block 3 58.53 3.15 0.031

The Table shows the joint test for the mixed model On-task Rating ~
block * distractor + motivation + sleepiness + (1 | subject) predicting

self-reported task focus by task parameters.

Table C.4: MW Predicted by Sleepiness

model term
Chi-

square
df p

Block 0.29 3 0.961

Distractor 0.01 1 0.937

Motivation 1.92 1 0.166

Sleepiness 5.18 1 0.023

Distractor * Block 1.99 3 0.574

The Table shows the Chi-square test for the generalised
linear model MW ~ block * distractor + motivation +
sleepiness predicting whether participants rated

themselves to be focused on the task or MW (excluding
external distractions, and task-related distractions, or

other thought categories).
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Figure C.1: Task-focus ratings (1 = completely off-task, 7= completely on-task) were
predicted by a) motivation (1 = not motivated, 7 = completely motivated), p = .004,
and b) sleepiness (1 = feeling active/vital/alert, 7 = sleepy/woozy/fighting sleep), p=
.017. a. Higher motivation during the previous task block predicted more task focus. b.
In contrary, greater sleepiness predicted less task focus. The shaded areas represent the
95% confidence interval of the estimates. Predicted on-task ratings are displayed in blue.

Table C.5: No Significant Effects for Questionnaires and Accuracy

model term df1 df2 F p

CFQ 1 34 0.00 0.944

ASRS (IA) 1 34 2.59 0.117

Motivation 1 34 1.11 0.300

Sleepiness 1 34 0.05 0.829

The Table shows the joint test for the linear model (HR ~ CFQ + ASRS (IA) +
motivation + sleepiness) predicting HR by questionnaires.
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Figure C.2: Predicted mind wandering ratings for the significant main effect of
sleepiness (p= .017). Higher rated sleepiness (1 = feeling active/vital/alert, 7 =
sleepy/woozy/fighting sleep) predicted more mind wandering. The shaded areas represent
the 95% confidence interval of the estimates. Predicted mind wandering ratings are
displayed in blue.

Table C.6: No Significant Effects for Questionnaires and CoV

model term df1 df2 F p

CFQ 1 34 2.29 0.140

ASRS (IA) 1 34 0.19 0.664

Motivation 1 34 0.27 0.604

Sleepiness 1 34 0.28 0.598

The Table shows the joint test for the linear model CoV ~ CFQ + ASRS (IA) +
motivation + sleepiness) predicting CoV by questionnaires.

C.2 Eye Dynamics

Table C.7: Blink Rate Predicted by Block

model term df1 df2 F p

Block 3 79.73 4.01 0.010

Distractor 1 40.62 0.14 0.706
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Table C.7: Blink Rate Predicted by Block

model term df1 df2 F p

Motivation 1 128.85 4.18 0.043

Sleepiness 1 124.42 3.81 0.053

Distractor * Block 3 42.42 0.36 0.779

The Table shows the joint test for the mixed model blink rate ~
distractor * block + motivation + sleepiness + (1+ distractor |

subject) predicting blink rate by task parameters

Table C.8: No Effects on Blink Duration

model term df1 df2 F p

Block 3 117.56 1.02 0.386

Distractor 1 119.62 0.71 0.401

Motivation 1 144.68 0.67 0.415

Sleepiness 1 148.10 2.23 0.138

Distractor * Block 3 61.21 0.76 0.520

The Table shows the joint test for the mixed model blink duration ~
distractor * block + motivation + sleepiness + (1+ distractor |

subject) predicting blink duration (ms).

Table C.9: Task Parameters Predicted Pre-Trial Pupil Size

model term df1 df2 F p

Block 3 138 7.76 <.001

Distractor 1 138 6.71 0.011

Motivation 1 138 0.03 0.874

Sleepiness 1 138 0.06 0.802

Distractor * Block 3 138 1.05 0.372

The Table shows the joint test for the linear model pre-trial pupil ~
distractor * block + motivation + sleepiness predicting blink rate by

task parameters.
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Figure C.3: Predicted eye blink rate for the significant main effect of motivation (1 =
not motivated, 7 = completely motivated), p = .043. More eye blinks were predicted by
lower motivation scores. The shaded areas represent the 95% confidence interval of the
estimates. Predicted mind wandering ratings are displayed in blue.

Table C.10: CFQ Predicted Blink Duration

model term df1 df2 F p

CFQ 1 34 4.31 0.046

ASRS (IA) 1 34 0.13 0.722

Motivation 1 34 0.13 0.721

Sleepiness 1 34 0.38 0.544

The Table shows the joint test for the linear model blink duration ~ CFQ +
ASRS (IA) + motivation + sleepiness predicting blink duration by

questionnaire scores.

Table C.11: No Significant Blink Predictors from Questionnaire Scores

model term df1 df2 F p

CFQ 1 33 1.05 0.314

ASRS (IA) 1 33 0.67 0.420

Motivation 1 33 2.94 0.096

Sleepiness 1 33 0.90 0.349
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Table C.11: No Significant Blink Predictors from Questionnaire Scores

model term df1 df2 F p

The Table shows the joint test for the linear model blink rate ~ CFQ + ASRS
(IA) + motivation + sleepiness predicting blink rate by questionnaire scores.

Table C.12: Pupil Size Not Significantly Predicted by Questionnaires

model term df1 df2 F p

CFQ 1 34 0.28 0.597

ASRS (IA) 1 34 0.66 0.420

Motivation 1 34 0.02 0.883

Sleepiness 1 34 0.10 0.752

The Table shows the joint test for the linear model pre-trial pupil size ~ CFQ +
ASRS (IA) + motivation + sleepiness predicting pupil size by questionnaire

scores

Table C.13: Hit Rate Predicted by Pre-Trial Pupil Size

model term df1 df2 F p

Blink Rate 1 90.14 0.00 0.949

Blink Duration 1 138.88 0.40 0.529

Pre-Trial Pupil Size 1 109.55 6.57 0.012

Motivation 1 147.23 1.16 0.283

Sleepiness 1 147.24 1.18 0.278

The Table shows the joint test for the mixed model hit rate ~ blink
rate + blink duration (ms) + pre-trial pupil size + motivation +

sleepiness + (1 | subject) predicting hit rate.

Table C.14: Blink Rate and Duration predict CoV

model term df1 df2 F p

Blink Rate 1 101.33 5.61 0.020

Blink Duration 1 115.97 5.58 0.020
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Table C.14: Blink Rate and Duration predict CoV

model term df1 df2 F p

Pre-Trial Pupil Size 1 98.97 0.80 0.374

Motivation 1 126.96 1.44 0.233

Sleepiness 1 129.26 0.52 0.470

The Table shows the joint test for the mixed model CoV ~ blink rate
+ blink duration (ms) + pre-trial pupil size + motivation + sleepiness

+ (1 | subject) predicting response variability.

Table C.15: Motivation predicts On-Task Rating

model term df1 df2 F p

Blink Rate 1 53.37 0.06 0.806

Blink Duration 1 133.01 0.03 0.871

Pre-Trial Pupil Size 1 104.57 0.34 0.562

Motivation 1 112.42 7.36 0.008

Sleepiness 1 114.56 3.78 0.054

The Table shows the joint test for the mixed model on-ask rating ~
blink rate + blink duration (ms) + pre-trial pupil size + motivation +

sleepiness + (1 | subject) predicting response variability.

Table C.16: Blink Rate and Duration, Motivation, and Sleepiness Predict MW

model term
Chi-

square
df p

EBR 29.59 1 <.001

BDUR 4.63 1 0.031

Pre-Trial Pupil Size 1.91 1 0.167

Motivation 7.52 1 0.006

Sleepiness 7.05 1 0.008

The Table shows the Chi-square test for the linear model
CoV ~ blink rate + blink duration (ms) + pre-trial pupil size

+ motivation + sleepiness predicting MW ratings.

170



C. Chapter 4 Appendix

Table C.17: Pupil Size for MW was Distinct from On-Task and Task-Relevant Thoughts

model term estimate
lower 95%

CrI
upper 95%

CrI

Pre-trial Pupil Size (On-Task) 1.92 0.04 3.97

Motivation (On-Task) 0.82 -0.07 1.86

Sleepiness (On-Task) -1.01 -1.99 -0.08

Pre-trial Pupil Size
(Task-Relevant)

1.52 0.09 3.12

Motivation (Task-Relevant) 0.17 -0.30 0.66

Sleepiness (Task-Relevant) -0.39 -0.91 0.10

Pre-trial Pupil Size (External
Distraction)

2.35 -0.67 5.44

Motivation (External Distraction) 0.80 -0.27 2.17

Sleepiness (External Distraction) 0.00 -1.11 1.10

The table displays coefficients from the Bayesian multinomial mixed effect
model MW category ~ pre-trial pupil size + motivation + sleepiness + (1 |
subject) with reference category MW. The model term describes the tested
variable (pupil size, motivation, sleepiness) in combination with the thought
category (on-task, task-relevant, external distraction). The 95% CrI’s are
calculated based on posterior distributions. CrI’s not containing zero are

regarded as significant equivalent (p< .05). CrI= Credible Interval.
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D.1 tRNS Results

Table D.1: CoV was Predicted by Task Condition

model term df1 df2 F p

tRNS 1 108.18 0.13 0.721

Task Condition 2 41.73 11.09 <.001

Baseline CoV 1 169.80 28.62 <.001

Motivation 1 188.68 1.80 0.181

Sleepiness 1 186.27 5.51 0.02

Head Circumference 1 131.38 0.05 0.83

tRNS * Task Condition 2 107.05 0.43 0.653

tRNS * Baseline CoV 1 133.67 0.14 0.711

Task Condition * Baseline CoV 2 58.73 2.14 0.126

tRNS * Task Condition *
Baseline CoV

2 123.46 0.88 0.419
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The Table shows the joint test for the mixed model CoV ~ tRNS
condition * task condition * baseline CoV + motivation + sleepiness
+ head circumference + (1+ task condition|ID) predicting response
variability by the interaction between tRNS, task parameters and
baseline performance. CoV= Coefficient of Variation, tRNS=

transcranial random noise stimulation, ID= subject.

Table D.2: HR Improved during 1 mA tRNS

model term df1 df2 F p

tRNS 1 134.36 0.87 0.353

Baseline HR 1 26.87 20.84 <.001

Task Condition 2 118.36 41.32 <.001

Motivation 1 86.40 1.14 0.288

Sleepiness 1 115.32 17.73 <.001

Head Circumference 1 161.80 0.18 0.671

tRNS * Baseline HR 1 93.14 4.07 0.047

tRNS * Task Condition 2 101.19 3.91 0.023

Task Condition * Baseline HR 2 93.14 2.07 0.132

tRNS * Task Condition *
Baseline HR

2 71.10 2.17 0.122

The Table shows the joint test for the mixed model HR ~ tRNS
condition * task condition * baseline HR + motivation + sleepiness +
head circumference + (1+ task condition|ID) predicting accuracy by

the interaction between tRNS, task parameters and baseline
performance. HR= hit rate, tRNS= transcranial random noise

stimulation, ID= subject.

Table D.3: Pupil Size Affected by Task and Block

model term df1 df2 F p

tRNS 1 207 0.07 0.796

Task Condition 2 207 4.61 0.011

Baseline Pupil 1 207 83.92 <.001

Block 2 207 5.57 0.004
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Table D.3: Pupil Size Affected by Task and Block

model term df1 df2 F p

Motivation 1 207 0.21 0.644

Sleepiness 1 207 1.10 0.295

Head Circumference 1 207 0.18 0.674

tRNS * Task Condition 2 207 1.95 0.145

tRNS * Baseline Pupil 1 207 0.02 0.881

Task Condition * Baseline Pupil 2 207 1.47 0.233

tRNS * Task Condition *
Baseline Pupil

2 207 0.66 0.517

The Table shows the joint test for the linear model pre-trial pupil
size ~ tRNS condition * task condition * baseline pre-trial pupil +
block + motivation + sleepiness + head circumference predicting
pupil size by the interaction between tRNS, task parameters and
baseline pupil size. tRNS= transcranial random noise stimulation

Table D.4: TBR Predicted by Baseline

model term df1 df2 F p

tRNS 1 36.08 0.18 0.674

Baseline TBR 1 62.15 30.77 <.001

Baseline HR 1 60.30 3.31 0.074

Head Circumference 1 65.87 0.00 0.957

tRNS * Baseline TBR 1 47.39 0.87 0.355

tRNS * Baseline HR 1 48.55 0.38 0.543

Baseline TBR * Baseline HR 1 65.69 3.49 0.066

tRNS * Baseline TBR *
Baseline HR

1 64.50 0.07 0.786

The Table shows the joint test for the linear model TBR ~ tRNS
condition * baseline TBR *baseline HR + head circumference

predicting tRNS effects of traditional TBR. TBR= theta/beta ratio,
tRNS= transcranial random noise stimulation, HR= hit rate.
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Table D.5: Periodic TBR Effects

model term df1 df2 F p

tRNS 1 0.92 1.38 0.462

Baseline TBR (per) 1 0.91 0.41 0.645

Baseline HR 1 1.02 4.78 0.269

Head Circumference 1 1.00 0.59 0.582

tRNS * Baseline TBR (per) 1 0.96 0.58 0.59

tRNS * Baseline HR 1 0.95 2.80 0.352

Baseline TBR (per) * Baseline
HR

1 0.82 4.01 0.335

tRNS * Baseline TBR (per) *
Baseline HR

1 1.13 3.82 0.278

The Table shows the joint test for the linear model periodic TBR ~
tRNS condition * baseline TBR (per) * baseline HR + head

circumference predicting tRNS effects of traditional TBR. TBR=
theta/beta ratio, tRNS= transcranial random noise stimulation, HR=

hit rate, per= periodic

Table D.6: Aperiodic Exponent Effects

model term df1 df2 F p

tRNS Condition 1 68 0.54 0.463

Baseline AE 1 68 73.93 <.001

Baseline HR 1 68 0.17 0.68

Head Circumference 1 68 0.16 0.685

tRNS * Baseline AE 1 68 0.00 0.983

tRNS * Baseline HR 1 68 0.07 0.796

Baseline AE * Baseline HR 1 68 0.01 0.903

tRNS * Baseline AE * Baseline
HR

1 68 1.12 0.293

The Table shows the joint test for the linear model AE ~ tRNS
condition * baseline AE * baseline HR + head circumference
predicting tRNS effects of aperiodic exponent calculated from

electrode location C4. tRNS= transcranial random noise
stimulation, HR= hit rate, AE= aperiodic exponent.
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D.2 Resting-State Results

Table D.7: Baseline Pupil Predicted CoV

model term df1 df2 F p

Baseline Pre-Trial Pupil Size 1 216 8.69 0.004

Task Condition 2 216 17.17 <.001

Baseline Pre-Trial Pupil Size
* Task

2 216 14.34 <.001

The Table shows the joint test for the linear model baseline CoV ~
pre-trial pupil size * task condition predicting performance by pupil

dilation. CoV= Coefficient of Variation.

Table D.8: Pupil Size for Mind-Wandering was Distinct from On-Task and Task-
Relevant Thoughts

model term estimate
lower 95%

CrI
upper 95%

CrI

Pre-trial Pupil Size (On-Task) 1.31 0.33 2.32

Pre-trial Pupil Size
(Task-Relevant)

1.14 0.38 1.93

The table displays coefficients from the Bayesian multinomial mixed effect
model MW category ~ pre-trial pupil size +(1 | ID) with reference category MW.

The model term describes the tested variable (pupil size, motivation) in
combination with the thought category (on-task, task-relevant distractions).
The 95% CrI’s are calculated based on posterior distributions. CrI’s not

containing zero are regarded as significant equivalent (p< .05). CrI= Credible
Interval
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