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Abstract 
Working memory (WM) refers to the ability to hold and make use of information in a 

temporary mental workspace, in the absence of an information representation in the 

environment. WM is recognised as a cornerstone for higher order cognition that is 

characterised by capacity limitations, susceptibility to overload and individual 

differences. Cognitive models emphasise that WM encompasses multiple sub-

processes, including executive functions. Transcranial direct current stimulation 

(tDCS) is a tool for manipulating the resting state potential of a neural network and 

has been investigated in terms of its capacity to facilitate acute WM benefits when 

anodal stimulation is delivered to the dorsolateral prefrontal cortex (DLPFC). 

However, there is considerable variability in the effect of tDCS on WM in healthy 

adults reported in the literature at present. 

  This thesis aims to investigate how tDCS alters information processing in 

WM, by recording electrophysiological markers of WM sub-processes immediately 

following tDCS delivered to frontal cortex. Cognitive, functional neuroimaging and 

event-related potentials (ERP) literature collectively indicates that the need to recruit 

executive functions to sustain WM performance, facilitated by frontal cortex, 

increases as the WM load of the task increases. Therefore, the WM load of a task 

may also contribute to the manifestation of tDCS effects on WM when delivered to 

frontal cortex. This thesis examines which sub-processes of WM are particularly 

responsive to tDCS, using event-related potentials (ERP). A novelty of this thesis is 

the use of the ERP technique to investigate tDCS effects on WM at a sub-process 

level.  

  The aim of study 1 (chapter 3) was to compare the impact of alternative 

cathode locations on tDCS effects on WM. There was no effect of cathode location, 
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nor any overall effects of tDCS, on WM performance (behavioural responding). 

There was some evidence that tDCS affected the P3b ERP component, though this 

effect was difficult to interpret. Study design modifications (an online tDCS protocol 

and a baseline measure of WM capacity) were identified to resolve these 

interpretation difficulties in study 2.  

  The aim of study 2 (chapter 4) was to investigate whether task difficulty 

influences the effect of tDCS on WM processing (ERPs) and performance 

(behavioural responding). tDCS was delivered online in an attempt to engage the 

task-relevant neural network. WM capacity was estimated at baseline with the Digit 

Span Backward task, and an adaptive N-back task was delivered during tDCS to 

align N-back load to individual task performance (thus, preventing WM overload). 

Similar to study 1, there were no overall effects of tDCS on WM performance 

(behavioural responding). There was evidence of a selective effect of tDCS on the P2 

component (attentional control), but not the P3 component (WM updating). Given 

this result was unexpected, the final chapter intended to explore the relationship 

between tDCS and the P2 component in a sample known to vary in terms of P2 

activity during WM processing.  

  The aim of study 3 (chapter 5) was to investigate whether poor WM 

performance and/or electrophysiological indices of poor attention control, known to 

occur in the context of high trait anxiety, influence the effects of anodal tDCS to 

frontal cortex. It was hypothesised that tDCS effects may be more pronounced 

among individuals with high trait anxiety (in turn, poor attentional control). Strictly, 

there were no overall change effects of tDCS on WM performance (behavioural 

responding). The selective effect of tDCS on P2 amplitude was replicated. Unlike 
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study 2, the pre-post study design allowed us to identify that the P2 amplitude, 

measured at baseline, had reduced following anodal tDCS.  

  Collectively, this thesis does not support the hypothesis that WM load 

moderates the effect of tDCS delivered to frontal cortex. Instead, this thesis suggests 

that tDCS appears to differentially affect the sub processes of WM. tDCS appears to 

modulate the earlier-occurring, load-insensitive and relatively less complex 

attentional control process and spares the later-occurring, load-sensitive WM 

updating processes. This finding is informative to the field, where tDCS effects on 

WM tend to be inconsistent and difficult to detect. With consideration for 

methodological and other limitations, this research program has demonstrated the 

value of indexing tDCS effects, as well as other experimental manipulations, in terms 

of how they modulate the sub-processes of WM with the ERP technique. 
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1.1 The Capacity-Limited Working Memory 
System 
Working memory (WM) refers to the ability to hold and make use of 

information in a temporary mental workspace, in the absence of an information 

representation in the environment. (Baddeley, & Hitch, 1974; Baddeley, 2003; 

Miyake & Shah, 1999). WM is critical to cognitive activity that is goal-focused and 

deliberate (e.g. problem-solving or reading comprehension) as opposed to cognitive 

activity that relies on overlearned and automatic response tendencies (e.g. riding a 

bike, driving a car; Unsworth & Engle, 2007; Unsworth & McMillan, 2013). 

Critically, the WM system is restricted by capacity limitations, meaning that there is 

a limit to the amount and to the length of time that goal-focused information can be 

actively held in mind. There are several views on the capacity limitations of WM, 

some of which emphasise storage space restrictions (Cowan, 2010), whilst others 

emphasise executive processing-limits. For example,  some researchers have 

identified limitations on the allocation of attention resources; the executive processes 

functioning to control information on entry into the WM system (Engle, 2002; Kane, 

Bleckley, Conway, & Engle, 2001). Others have identified capacity limitations on 

the executive processes for the maintenance, updating and removal of information 

within the WM system (Ecker, Lewandowsky, & Oberauer, 2013; Unsworth & 

Engle, 2007). In addition to the storage and processing capacity limitations inherent 

to the WM system, there are also individual differences in WM capacity (Engle, 

Kane, & Tuholski, 1999). The variability between individuals in their control of the 

information processed within the limits of WM capacity has implications for 

individual differences in higher-order cognitive abilities (e.g. fluid intelligence, 
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reading ability and decision-making; Daneman & Carpenter, 1980; Del Missier et al., 

2013; Duncan et al., 2008). 

1.2 Variation in Working Memory Capacity 
Individual differences in WM capacity have been linked to fundamental 

variation in higher-order cognition, including academic skills (Alloway, Rajendran, 

& Archibald, 2009), language functions (Daneman & Merikle, 1996), learning and 

memory processing (Mandalis, Kinsella, Ong, & Anderson, 2007) as well as 

planning, fluid reasoning and decision-making (Cowan, 2014). Variance in WM 

capacity appears to be related to other underlying abilities such as attention, speed of 

information processing and fluid intelligence (Süß, Oberauer, Wittmann, Wilhelm, & 

Schulze, 2002). WM is also variable within each individual, susceptible to normal 

variance in motivation, stress, sleep and fatigue (Unsworth, 2010).  

  In addition to WM capacity variation as a function of state-dependent and 

individual difference factors, WM is also compromised in a number of clinical 

populations. Psychological vulnerably (depression and anxiety) as well as significant 

psychiatric disorders (schizophrenia and psychosis) have detrimental effects on WM 

(Austin, Mitchell, & Goodwin, 1999; Forbes, Carrick, McIntosh, & Lawrie, 2009; 

Hayes, Hirsch, & Mathews, 2008). Several neurodevelopmental disorders feature 

marked delays in the developmental trajectory of WM during childhood and 

adolescence (e.g. attention deficit hyperactivity disorder, autism spectrum disorders, 

language disorders and specific learning disorders; Alloway, Rajendran, & 

Archibald, 2009). WM is particularly vulnerable in the context of acquired brain 

injuries and autoimmune disorders with neurological features (Parkinson's disease 

and multiple sclerosis; Lewis et al., 2003; Ruchkin et al., 1994). A decline in WM 

performance is characteristic of healthy aging, mild cognitive impairments and 
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dementia processes (Reuter-Lorenz, 2005). In each of these cases, successful 

engagement in both psychological and other interventions is likely to require the 

clinician to scaffold WM deficits. From this perspective, investigating variation in 

efficient processing within the capacity-limited WM system has ramifications for the 

general population and diverse clinical cohorts alike. 

1.3 Models of Working Memory  
Efficient processing within the capacity-limited WM system relies on 

significant contributions from several executive functioning processes (attentional 

control, set shifting, inhibition and updating; Miyake et al., 2000). Executive 

functions facilitate the categorisation of information in WM, identifying which 

information needs to be maintained in or removed from memory. Efficient WM 

processing is additionally dependent on the support of executive functions because 

the WM system is characterised by capacity limitations (Cowan, 2010). Therefore, 

the executive functions sustain goal-oriented processing in WM and protect the 

system from information overload. There are several models describing how the sub 

components of WM might operate (Baddeley & Hitch, 1974; Conway, Cowan, 

Bunting, Therriault, & Minkoff, 2002; Oberauer, 2009).  Current influential models 

have shifted away from the tendency in early models to identify how different types 

of information are processed within WM. Instead, contemporary models emphasise 

that multiple executive processes are critical to the efficiency of the overall WM 

system. It is beyond the scope of this thesis to review all of the models of WM. 

However, it is relevant to an investigation of the efficiency of WM processing to 

summarise some of the influential early and contemporary cognitive models and 

related neuroimaging literature. 
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1.4 Early Cognitive Models of Working Memory 
  Early cognitive models of WM emphasised two sub components for 

processing different types of information in the context of a unitary central 

executive. Baddeley’s Multicomponent Model of WM (1974) featured the 

phonological loop for processing verbal information and the visuospatial sketchpad 

for non-verbal information processing. The unitary central executive was 

synonymous for the goal-direction and executive support required to manage 

information in the context of capacity limitations (Baddeley & Hitch, 1974; 

Baddeley, 2003). This early cognitive model was influential for early physiological 

and fMRI research (D’Esposito et al., 1998; Goldman-Rakic, Cools, & Srivastava, 

1996; Levy & Goldman-Rakic, 2000). Collectively, this literature consistently 

identified a predominant contribution of unilateral ventral and dorsolateral prefrontal 

cortex (DLPFC) during WM tasks. In human studies particularly, a predominant role 

of unilateral DLPFC in WM processing was identified, occurring in the broader 

context of a WM-related neural network, which also featured frontal, parietal, 

subcortical and cerebellum involvement (Smith & Jonides, 1998). The pattern of 

unilateral DLPFC activation was dependent on whether the to-be-remembered 

content was verbal (left-hemisphere dominant) or non-verbal in nature (right-

hemisphere dominant; D’Esposito et al., 1998). This lateralised pattern of frontal 

involvement provided support for the phonological loop and visuospatial sketchpad 

sub components of Baddeley’s model (Baddeley, 1992).  However, fMRI research 

also identified that cortical activation during WM processing was more dependent on 

task difficulty than information type (Braver et al., 1997; Callicott et al., 1999). The 

expected unilateral DLPFC activation pattern was present under low load conditions. 

In contrast, high WM load was associated with distributed and bilateral frontal cortex 
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involvement. Subsequent research suggested that the distributed WM neural 

network, beyond the frontal lobes alone, was necessary to support the executive 

contributions to WM (Carpenter, Just, & Reichle, 2000).  

  Around this time, increasing evidence was suggesting that multiple executive 

processes contribute to WM processing (Miyake, 2000). The development of diverse 

executive contributions to WM functioning is more consistent with the ERP evidence 

on WM processing. Separable ERP components are reliably present during WM 

tasks and these components vary in amplitude, latency, and topography, secondary to 

the need for multiple executive contributions to sustain WM performance 

(Johnstone, Barry, & Clarke, 2007; Kramer, & Spinks, 1991; Polich, 1986; 

Rascovsky et al., 2011). The unitary central executive construct of Baddeley’s model 

began to appear underspecified in the context of the evidence of multiple executive 

contributors to the WM system. Contemporary cognitive models of WM have 

therefore followed, prompted by the need to reconceptualise multiple executive 

processes as critical to efficient WM functioning. 

1.5 Contemporary Models of Working Memory 
There are several current influential cognitive models of WM. Broad 

descriptions of some of these models are offered here, followed by some common 

themes between them. They emphasise the importance of multiple executive 

processes, such as attentional control, shifting, inhibition and updating, to effectively 

sustain the WM system. Cognitive models aim to identify the unique roles of these 

executive sub-processes.  

  The Executive Attention theory of WM focuses on the initial and ongoing 

need to categorise information in WM as relevant or irrelevant, in the context of a 

goal (Kane & Engle, 2003). The control of attention and the potential interference 
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from distractors are highlighted in this model. These processes are considered 

fundamental to the limits of working memory capacity (WMC), which is 

conceptualised as an attention-limited, rather than storage-limited, capacity. In 

contrast, Oberauer's Hierarchical Model of WM (2009) emphasised the fundamental 

relationship between WM and higher cognition. Given WM requires a goal-

orientation to classify information as relevant or irrelevant, this model focuses on the 

need to remove from WM information that was once relevant, and later becomes 

irrelevant (Oberauer, 2001). A temporary binding mechanism is proposed for holding 

and removing relevant and irrelevant information within the WM set. Information 

representations from either the environment or the long-term memory system can be 

bound within WM through maintenance processes. These bindings are subsequently 

unbound through WM updating processes. This model places the main capacity 

limitations of WM not on the control of attention, but on the ability to build and 

maintain the bindings between information within the WM set.  

  Subsequent models have focused even more specifically on the process of 

removing information from WM. The Serial-Order-In-A-Box model suggests that the 

removal of information from the WM set is critical to preventing proactive 

interference from similar content items during recall (Lewandowsky & Farrell, 

2008). Thus, this model proposes a specific executive control function for unbinding 

no longer relevant information from the encoded memory set. This removal process 

is proposed as separate to general inhibition processes that operate to suppress 

distracting information that was never relevant for encoding in WM (Ecker et al., 

2013). In the context of multiple processes for allocating attention, maintaining and 

updating information in WM, WM gating has been proposed as a mechanism within 

WM for shifting between these multiple executive functions (Kessler & Oberauer, 
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2014). Specifically, WM gating identifies two processing modes within WM: a 

maintenance mode and an updating mode.  In this framework, the maintenance mode 

is associated with a  ‘closed gate’ for sustaining the to-be-remembered information in 

the current WM set, whilst the updating mode requires an ‘open gate’ to allow for 

manipulation of relevant and irrelevant information in the WM set (Ecker, Oberauer, 

& Lewandowsky, 2014). A commonality amongst these contemporary models is that 

they each identify multiple executive processes that support WM. These executive 

processes work together in a goal-oriented fashion, protecting the system from 

information overload. Therefore, the capacity limitations of WM appear to be 

directly related to the executive functions, and in turn, the overall efficiency of the 

WM system. Additionally, these multiple executive processes are likely to overlap 

and are challenging to dissociate. Electrophysiological techniques with high temporal 

resolution, such as the event-related potential (ERP) technique, have utility compared 

to high spatial resolution imaging techniques (e.g. fMRI), in the dissociation of these 

intricate and overlapping executive control processes. 

1.6 Working Memory and Event-Related 
Potentials 

Event-related potentials (ERPs) are voltage deflections within recorded 

neural activity that are elicited in response to either internal or external stimulus 

events. Averaged over a large number of trials to enhance the signal-to-noise ratio, 

individual and grand averaged ERPs within the waveform represent task-related 

information-processing (Luck, 2014). ERPs are additionally sensitive to the average 

of neural activity generated at each active EEG electrode site, relative to one or 

multiple reference EEG electrode site(s) within the standard 10-20 EEG system, and 

therefore the amplitude (voltage) and latency (peak) of ERP components vary at each 
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active site (Jasper, 1958; Figure 1.1). WM-related ERP components are typically 

elicited at the midline sites (Shucard, Tekok-Kilic, Shiels, & Shucard, 2009).  

  The N-back working memory task is commonly used and well-suited to both 

the acquisition of WM-related ERP components and the investigation of the 

executive contributions to WM under varying levels of WM load. Developed by 

Kirchner and colleagues (1958), the N-back task involves the serial presentation of 

an array (typically numbers, letters or symbols). The target is an information 

representation of previously presented items held within WM and the current 

stimulus presented in the environment is compared to this target. Additionally, the 

level of the ‘N-back’ defines the target item, which is manipulated to vary the WM 

load during the task. For example, during a 1-back task, the target is defined as the 

stimulus that was presented immediately prior to the current item. During the 2-back 

task, a target stimulus is redefined as an item presented two items ago, and during the 

3-back the target stimulus becomes the item presented three items ago.  A target 

stimulus occurs when the current item matches the target item and the participant is 

required to press ‘A’. Therefore, the N-back task involves both a simple ‘matching’ 

task of comparing the current item to a target stimulus held in WM. However, it also 

involves an updating task, where the target stimulus must be redefined as each new 

item is presented in the array. As the N-back load increases, more information is 

being managed within the WM system and executive supports are increasingly 

required to sustain WM performance.
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Figure 1.1 A diagram of the midline sites of the 10-20 system for EEG (Jasper, 1958). The 

system involves labelling sites by their location on the scalp (frontal, central, parietal, occipital 

and temporal), and their relative distance from the midline. Midline sites are represented with ‘z’, 

equivalent to zero. The WM-related ERP components explored in this research program are 

derived from the potential activity recorded at the midline sites (Fz, Cz, and Pz). The Figure is 

slightly modified from an image obtained from http://de.wikipedia.org/wiki/10-20-

System#/media/Datei:International_10-20 system_for_EEG-MCN.svg. 

 

  From an ERP acquisition point-of-view, the N-back task features a consistent 

stimulus onset time for measuring stimulus-locked ERPs and a binary response task 

which can be readily tagged with a response marker. From a WM point-of-view, the 

N-back task is generally accepted to be a WM dual-task, containing both a load-

insensitive matching sub-task and a load-sensitive maintenance and updating sub-

task (Water, Geffen, & Geffen, 2001). The load manipulations and dual-task nature 

of the N-back task allow for the measurement of the executive functions sustaining 
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WM. WM load relates to the amount of information required within the WM set to 

sustain goal-oriented information processing (Lavie, Hirst, De Fockert, & Viding, 

2004). Increases in WM load, therefore, are taxing on WM span (the amount of 

information held in the WM set) and WM capacity (the ability to select and maintain 

task-relevant information in the WM set), both of which have limited resources 

(Kane, Bleckley, Conway, & Engle, 2001).  

  Additionally, executive supports to WM are increasingly required to manage 

susceptibility to distraction, interference and information overload as the WM load of 

the task increases (Lavie et al., 2004). The N-back task reliably elicits stimulus-

locked, positive-going ERP deflections associated with target detection which have 

both similar and distinct characteristics to the positive deflections elicited in the 

classic ERP oddball paradigm (Chen, Mitra, & Schlaghecken, 2008; Polich & 

Margala, 1997). The load manipulations of the N-back task reliably elicit an 

additional distinct pattern of attenuating positive deflections for discriminating the 

executive contributions to WM processing.
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1.7 The P2 Component 
The P2 component is a frontocentrally distributed, positive voltage deflection 

occurring approximately 100-250ms post-stimulus-onset, elicited at midline 

electrodes Fz, Cz and Pz of the 10-20 system. The functional significance of the P2 

component, independent of the N1 vertex potential complex, has not been as 

thoroughly investigated as the P3 component in a WM context. Evidence for the 

independence of the P2 component, separate from the N1 vertex complex, arises 

from its unique tendency to increase with poor performance and older age, when the 

N1 and P3 deflections either side of this component tend to reduce in response to the 

same pressures (Crowley and Colrain, 2004). 

1.8 The Functional Significance of the P2 

component 

  The amplitude of P2 tends to be larger in the context of target relative to non-

target detection, and also larger in WM tasks than in tasks of cognitive control. 

Whilst working memory tasks are characterised by the requirement to hold, maintain 

and update information as the task goal is continuously redefined (Baddeley, 2012), 

in tasks of cognitive control, the goal (or target item) is identified at the outset of the 

task and remains constant. Because the target item is defined and stable from the 

beginning of cognitive control tasks, these tasks do not engage WM maintenance and 

updating processes (Alan Gevins et al., 1996). The P2 component also appears to be 

sensitive to motivation. However, this component tends to be insensitive to WM load 

manipulations (McEvoy, Smith, & Gevins, 1998). Therefore, the P2 appears to index 

the classification of information as a target or non-target, and additionally the 
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motivation required for task-relevant information processing. These target detection 

processes are understandably more difficult in the context of WM tasks, where the 

target is being continually redefined, relative to tasks of cognitive control where the 

target is defined at the outset and remains constant. The insensitivity of the P2 to 

increased WM load, and its tendency to increase in the context of poorer 

performance, suggests that this component may be more related to the effortful 

control of the focus of attention on target detection, which is the embedded sub task 

common to tasks of cognitive control and WM, irrespective of load manipulations. 

1.9 The P3b Component 
  The P3 component, in contrast to the P2, has been thoroughly investigated for 

several decades (Sutton, Braren, Zubin, & John, 1965). Despite reliable patterns of 

the P3 component elicited in response to tasks of cognitive control, inhibition and 

WM, the functional significance of this component is not clearly understood. Two 

sub-components of P3 are observable that differ in response to stimulus events,  

latency and topography (Wintink, Segalowitz, & Cudmore, 1999). The P3a is an 

earlier occurring frontally-distributed positivity associated with stimulus novelty, 

occurring approximately 300ms post-stimulus-onset  (Friedman, Cycowicz, & Gaeta, 

2001). This component is more reliably elicited by infrequent distractor stimuli than 

frequent or expected targets and non-targets, typical of the N-back task (Polich, 

2007). The P3b by contrast, is reliably elicited in the N-back task, and is larger in 

response to targets than non-targets (Watter et al., 2001). This later-occurring, 

parietally-distributed component occurs within the broad window of 300-600ms 

post-stimulus-onset and is elicited at midline electrodes sites (Fz, Cz and Pz, 10-20 

system; (Jasper, 1958; Polich, 2007).  
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1.10 The Functional Significance of the P3b 
Component 

The P3b has been extensively investigated in the context of cognitive control 

tasks. The classic P3b in response to the oddball task, for example, led to the 

development of the context updating theory (Donchin & Coles, 1988) and the 

subsequent inhibition theory of P3b (Polich, 2007). These theories propose that in the 

context of a cognitive control task, where a constant goal is identified at the outset, 

P3b amplitude appears to reflect a combination of memory and distractor inhibition 

processing to promote task-relevant cognitive activity (Donchin & Coles, 1988; 

Polich, 2007). P3b amplitude also appears to capture a performance appraisal, 

particularly the degree of confidence in the classification of the information as a 

target or non-target (Polich, 2007). Whilst these theoretical perspectives contribute 

significantly to our understanding of P3b generation, the effect of load inherent to 

WM tasks is particularly prominent on P3b amplitude and requires an additional 

theoretical explanation. The P3b reliably attenuates with increased WM load during 

the N-back task and this reduction occurs in the context of no shift in the component 

latency in the averaged waveform, therefore the load effect cannot be explained by 

delayed information processing due to increased task difficulty alone (Polich, 1986). 

Whilst there are several theoretical explanations of the reduced P3b amplitude under 

load demands (Kok, 1997; Polich, 2007), one widely recognised explanation of this 

load effect is that the P3b amplitude reduction reflects the reallocation of attention 

resources (Kok, 1997; Kramer, Schneider, Fisk, & Donchin, 1986). In this 

explanation, P3b amplitude is sensitive to both the domain general executive 

functions and the domain specific matching component of WM dual-tasks. Under 

low N-back conditions, more attentional resources can be allocated to the matching 
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sub task of the N-back task, where the stimulus presented in the environment is 

compared, or matched, to the target item held within WM. This matching task can be 

readily performed under low load conditions whilst few attention resources are 

required to maintain a small set of information in WM. The availability of attention 

resources for the matching subtask under low-load conditions is reflected in a large 

P3 amplitude with a distinct peak, due to less variability in the latency of this 

matching process between individuals (Polich, 1986). Under high load conditions, 

more attentional resources are reallocated from the matching sub task to various 

executive processes involved in the encoding, maintenance and updating of a larger 

information set within WM (Kok, 1997; Kramer et al., 1986). This change reduces 

the amplitude of P3b and lengthens the latency of the component between 

individuals, creating a less distinct peak (Segalowitz, Wintink, & Cudmore, 2001). 

Additionally, load effects on behavioural and ERP markers are subject to individual 

differences in WMC and task practice (McEvoy et al., 1998). Therefore, individuals 

with high WMC at baseline can maintain their P3b amplitude, response time and 

response accuracy when their low WMC peers are already showing reductions in 

these markers secondary to increased WM load. Following a period of practice, 

individuals with low WMC can improve behavioural and ERP responding to the 

point where they are not distinguishable from their high WMC peers (Daffner et al., 

2011; Dong, Reder, Yao, Liu, & Chen, 2015). Importantly, the load-insensitive P2 

and load-sensitive P3b elicited in response to the N-back task may assist with 

exploring the effects of WM load and WMC on the executive process involvement 

that sustains the overall WM system. 
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1.11  Summary of the Neurocognitive Perspective 
on Working Memory 

WM is a cornerstone for higher cognition, yet the efficiency of WM varies 

within the general population and is negatively implicated in a number of clinical 

conditions (Austin et al., 1999; Hayes et al., 2008; Miyake & Shah, 1999; Unsworth 

& Engle, 2007). Therefore, it is relevant to investigate the factors that appear to 

contribute to the efficiency of the overall WM system. From both cognitive and ERP 

points-of-view, the executive contributions to WM are particularly important to 

sustain the WM system. These executive functions are best conceptualised as a 

system of several sub components, rather than a unitary construct (Miyake et al., 

2000). They are necessary in the context of the capacity limitations of WM to protect 

the system from information overload. Evidence from the neuroimaging literature 

demonstrates that the executive processes sustaining WM vary in their sensitivity to 

WM load (Callicott et al., 1999; Pratt, Willoughby, & Swick, 2011; Shucard, Tekok-

Kilic, Shiels, & Shucard, 2009). Additionally, individual differences in WM capacity 

(WMC) mediate the impact of increased WM load on the efficiency of the overall 

WM system (McEvoy et al., 1998). Therefore, WM load and WMC are two 

important factors that modify information processing in WM. Given that these 

factors are influential for information processing in WM, then they may also be 

important to consider in relation to the development of non-invasive brain 

stimulation interventions that seek to modulate WM processing. 

1.12  Transcranial Direct Current Stimulation 
  One increasingly popular intervention for WM enhancement is transcranial 

direct current stimulation (tDCS). tDCS is a non-invasive stimulation technique 

where direct current is applied to the scalp (Utz, Dimova, Oppenländer, & Kerkhoff, 
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2010; Woods et al., 2016). Theoretically, tDCS has acute modulatory effects on the 

resting potential of neural circuits both directly beneath and distal to an anode 

(positive charge) and cathode (negative charge). The effects of tDCS are related to 

polarity, where anodal tDCS has a depolarising effect on the target neural population 

and cathodal tDCS has a hyperpolarising effect. In addition to these acute 

depolarisation/hyperpolarisation effects, the after-effects induced by tDCS appear to 

share characteristics common to the long-term potentiation and long-term depression 

processes that facilitate learning, though the underlying physiology of tDCS is not 

clearly understood (Nitsche & Paulus, 2000; Ohn et al., 2008). The functional 

implications of active tDCS (anodal or cathodal) on WM processing is typically 

assessed by direct comparison with a placebo tDCS condition, referred to as sham 

tDCS (stDCS). Anodal tDCS (atDCS) is increasingly being applied as an adjunct to 

WM enhancement interventions. 

1.13  tDCS and Working Memory Enhancement 
The majority of tDCS research applied to WM is associated with the WM 

enhancement literature. This literature is primarily concerned with the question of 

whether tDCS leads to improvement in WM performance, and if so, whether there is 

potential to develop tDCS-related interventions to enhance WM (Brunoni & 

Vanderhasselt, 2014). tDCS-related beneficial effects on WM performance were 

initially reported in healthy adults by Fregni and colleagues (2005). Here, 

participants performed the 3-back task for 20 minutes, then continued the task for an 

additional 10 minutes, paired with 1mA tDCS. In this within-subjects design, each 

participant completed an active and a sham tDCS condition where the order of these 

conditions was counterbalanced, following a 1-hour wash out period. Participants 

demonstrated greater response accuracy during atDCS relative to sham.  
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  Since this original study, acute post-tDCS WM performance improvement 

has been demonstrated in both general and clinical populations (Hill, Fitzgerald, & 

Hoy, 2016). However, there is considerable variability across the literature in terms 

of the presence and magnitude of tDCS benefits to WM (Horvath, Forte, & Carter, 

2015; Mancuso, Ilieva, Hamilton, & Farah, 2016). There are several proposed 

sources of this variance. Several meta-analytic reviews have identified heterogeneous 

tDCS protocol factors between studies, including electrode montage, current density 

of the stimulation (which relates both to stimulation intensity and the size of the 

electrodes) and duration of stimulation (Horvath, Carter, & Forte, 2014; Horvath, 

Forte, & Carter, 2015; Mancuso, Ilieva, Hamilton, & Farah, 2016). In addition to 

these stimulation parameters, several study design factors vary between studies. For 

example, tDCS can be delivered concurrently with a WM task (online stimulation) or 

it can be delivered at rest (offline stimulation). tDCS can also be delivered in the 

later portion of a training task following a period of practice (Fregni, Boggio, 

Nitsche, et al., 2005). tDCS outcomes can be measured in terms of task performance, 

either during or post-stimulation. Additionally, there are several outcome measures 

that can be observed in the context of a WM task, including response accuracy, 

reaction time, signal detection, and electrophysiological responding (ERPs or time-

frequency analyses; Brouwer et al.,2012). 

  Outcome measures can additionally vary in the way they are calculated. For 

example, there are a several methods of ERP component identification which vary 

both in terms of their mathematical calculation (peak amplitude, mean amplitude, 

peak-to-peak analysis, peak latency etc.) and the types of trials included in the 

analysis (target trials only, target vs non-targets, correct response trials only, etc; 

Luck, 2014). The presence of these inconsistencies between studies limits the 
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potential to draw comparisons between findings. Given there are so many factors that 

may contribute to variance across the WM/tDCS enhancement literature, it may be 

helpful to address the question of how tDCS impacts WM processing, rather than 

specifically investigating tDCS in a binary context; such as whether the application 

of tDCS leads to WM enhancement. Therefore, the current research program differs 

from the existing tDCS/WM enhancement literature because there is an emphasis on 

the neurocognitive perspective on information processing in WM. WM load and WM 

capacity are two factors that have been demonstrated to alter how information is 

processed in WM. These factors, critical to WM processing from a neurocognitive 

point of view, may also contribute to the development of tDCS effects on WM 

processing. 

1.14  Neurocognitive Factors that may Contribute 
to tDCS Effects on Working Memory 
Processing 

1.14.1 Cathode Location 

One source of the variance affecting the WM/tDCS literature is heterogeneous 

stimulation parameters (Mancuso et al., 2016). From a neurocognitive-point-of-view, 

electrode montage is one of the protocol factors that may be insensitive to the influence 

of WM load. This is because early models of WM emphasised lateralised processing 

depending on information-type (verbal or non-verbal) (Baddeley & Hitch, 1974; 

Goldman-Rakic, Cools, & Srivastava, 1996; Smith & Jonides, 1998). However, the 

contemporary models of WM emphasise that task type is less influential than task 

difficulty in the neural recruitment, supporting WM processing (Braver et al., 1997; 

Kane & Engle, 2002; Miyake & Shah, 1999). The conventional electrode montage 

consists of the anode placed at left DLPFC (corresponding to site F3 in the 10-20 
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system) and the cathode placed over the contralateral supraorbital region. This 

contralateral, anterior cathode site appears to be an appropriate location for the cathode 

in the context of the lateralised-information processing, highlighted in early cognitive 

models of WM. However, subsequent models of WM identified that increased WM 

load particularly affects the domain-general executive contributions to WM 

processing, and evidence from the neuroimaging literature suggests that increased WM 

load requires bilateral frontal lobe involvement (Callicott et al., 1999). The anterior 

cathode location in conventional WM/tDCS protocols delivers inhibitory simulation 

very near to the contralateral frontal lobe. This inhibitory stimulation delivered near to 

a neural population, likely to be recruited for high WM load processing, may mask the 

beneficial effects of tDCS (Lally, Nord, Walsh, & Roiser, 2013). Therefore, an anterior 

cathode location may potentially interfere with beneficial effects of tDCS, particularly 

under high WM load, and this possibility warrants exploration.  

In order to explore potential masking effects of the conventional anterior cathode 

location, it would be helpful to compare this cathode site with an alternative cathode 

location. Additionally, a comparison sham stimulation condition provides an 

experimental manipulation to detect whether a masking effect of cathode location is 

likely to be due to tDCS. Given that cognitive models, neuroimaging, and the ERP 

literature identify that WM load influenced the amount of executive functioning 

processing required to sustain WM, it was important to vary the level of WM load in 

order to determine whether the masking effects of the conventional tDCS protocol 

become evident under high WM load conditions, compared to low WM load 

conditions. Given that increasing the WM load is synonymous with increasing the 

executive contributions to WM processing, evidence of the differential effects of 
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cathode location may be present on both behavioural and electrophysiological indices 

during the 3-back condition.  

1.14.2 Working Memory Load and Individual Differences in Working Memory 
Capacity 

  The WM/tDCS literature varies in terms of whether tDCS is delivered 

concurrently with a WM task (online) or at rest (offline). Meta-analytic reviews 

recommend offline stimulation for the general population and online stimulation for 

clinical cohorts, suggesting that the combination of acute and immediate after-effects 

of tDCS differentially effect WM in these populations (Dedoncker, Brunoni, Baeken, 

& Vanderhasselt, 2016; Hill et al., 2016). From a neurocognitive point-of-view, if 

WM load has implications for the development of tDCS effects, then online 

stimulation may be preferable compared to offline stimulation. Additionally, if 

concurrent engagement in task-relevant processing during tDCS is important, the 

WM load of the task may further influence tDCS effects. One previous study 

compared the low and high WM load task types paired with tDCS in a healthy adult 

sample and identified that tDCS effects were moderated by increased WM load (Gill, 

Shah-basak, & Hamilton, 2015). However, there is limited research investigating the 

role of WM load on the development of tDCS effects, despite the evidence from a 

neurocognitive perspective that WM load mediates the efficiency of the overall WM 

system (D’Esposito & Postle, 2015). In order to determine the influence of WM load 

on tDCS effects, it would be necessary to compare a low load with a high load N-

back task, delivered concurrently with tDCS. The inclusion of a sham tDCS 

comparison group is important to dissociate the effects of tDCS from the benefits of 

practice (Utz et al., 2010). Additionally, given neurocognitive models identify that 

WMC varies between individuals and is susceptible to overload (Cowan, 2012), high 

WM load may benefit from being defined by individuals’ WMC (Lilienthal, Tamez, 
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Shelton, Myerson, & Hale, 2013). There is some evidence to suggest that tDCS 

benefits are observable in individuals with low WMC as they have more room to 

improve, however there is also evidence to suggest that a certain degree of WM 

proficiency is helpful in order for a beneficial response to tDCS to develop (Berryhill 

& Jones, 2012; Hsu, Juan, & Tseng, 2016). If WM load and baseline WMC influence 

the development of tDCS effects, this would potentially be indicated in the patterns 

of P2 and P3b amplitudes which vary in their sensitivity to load effects, in addition to 

variance between groups in response to accuracy and reaction time. 

1.14.3  Working Memory Sub-processes 

  In sections 1.14.1 and 1.14.2, we considered some factors (cathode location, 

WM load and WMC) that may contribute to the development of tDCS effects on 

WM, given that they have been reported to influence WM processing and 

performance in the literature (Braver et al., 1997; Gill et al., 2015; Lally et al., 2013; 

Lilienthal et al., 2013). Here, we consider the novel idea that tDCS may modulate 

some WM sub processes more so than others. The impetus for this idea was 

developed through the literature review, where we presented evidence that a) WM is 

a composite construct of several executive functioning processes, b) these sub 

processes of WM are evident in the ERP components elicited during WM tasks, and 

c) whilst tDCS has been extensively applied to modulate WM, the findings are mixed 

in terms of whether tDCS effects are detected (Mancuso et al., 2016). Therefore, in 

this thesis, the temporal sensitivity of the ERP technique may be helpful for 

investigating the potential that tDCS effects may particularly occur on some 

executive sub-processes of WM. Combining the tDCS and ERP techniques for the 

purpose of identifying potential tDCS effects on WM sub processes has not been 

reported in the literature before. There is very limited literature at present for 
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distinguishing tDCS effects on WM performance from effects on WM processing, 

and even less for evaluating which sub-processes of WM are more responsive to 

tDCS (Keeser, Meindl, et al., 2011; Zaehle, Sandmann, Thorne, Jäncke, & 

Herrmann, 2011). There is also no literature at present investigating how WM load 

and WMC, known contributing factors to the efficiency of the WM system, may 

contribute to the development of tDCS effects. It may be the case that the WM sub-

processes engaged in the N-back task (represented by the P2 and P3 components) are 

equally responsive to tDCS. Alternatively, it may be the case that either the P2 or P3 

sub-processes are more responsive to tDCS effects. The literature reviewed in this 

chapter related to ERPs and WM during the N-back task highlighted that increased 

WM load reliably reduced the amplitude of the P3b component (Segalowitz et al., 

2001); though there was also evidence that baseline WMC can attenuate the negative 

relationship between WM load and the amplitude of the P3b component (Daffner et 

al., 2011; Dong et al., 2015). Conversely, the P2 component, in the context of the N-

back task, has been less rigorously studied than the P3b, and is characterised by a 

lack of sensitivity to load effects. If WM load and WMC do contribute to the 

development of tDCS effects, then we could expect that a tDCS effect may be more 

likely to modulate characteristics of the P3b component, more so than the load-

insensitive P2 component. 

1.15  Summary and Thesis Rationale 
  WM is a complex, capacity-limited and multi-component construct, and 

current models of WM highlight the role of executive functions to sustain the WM 

system for goal-oriented information processing (Kane et al., 2001; Miyake & Shah, 

1999; Oberauer, 2009). Efficient WM processing is critical to higher cognition and is 

variable in the general population and vulnerable in a variety of clinical cohorts 
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(Austin et al., 1999; Hayes et al., 2008; Miyake & Shah, 1999; Unsworth & Engle, 

2007). In this context, there is an extensive WM enhancement literature where tDCS 

is a popular tool for investigating whether WM performance can be improved by 

altering the resting potential activity within a WM-related neural network (Brunoni 

& Vanderhasselt, 2014). However, the presence and magnitude of the beneficial 

effects of tDCS on WM varies in the literature to-date, and methodological 

differences between studies limit the ability to directly compare and contrast tDCS 

outcomes, as discussed in recent meta-analytic reviews (Hill et al., 2016; Mancuso et 

al., 2016). Whilst the WM enhancement literature is primarily concerned with 

investigating the potential for tDCS to improve WM performance, the current 

research program is specifically interested in investigating how tDCS modulates 

information processing in WM. From a neurocognitive point of view, WM load and 

WM capacity have been shown to alter how information is processed in WM, 

particularly in terms of the requirement for greater executive involvement with 

increased task difficulty (Callicott et al., 1999; Dong et al., 2015; McEvoy et al., 

1998; Shucard et al., 2009). Given this evidence that WM load and WM capacity 

influence how information is processed in WM, theoretically these same factors may 

also contribute to the development of tDCS effects on WM processing. Specifically, 

individual differences in WM capacity and modulating WM load may contribute to 

beneficial tDCS effects. These effects would be anticipated to modulate the load 

sensitive, P3b component mean amplitude (associated with working memory 

updating) and/or behavioural responding. A particularly noteworthy novelty of this 

research program is the incorporation of ERP assessment to investigate tDCS effects 

on WM at a sub-process level. As there is limited literature combining tDCS with the 
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ERP assessment, a general methodology section will introduce various 

considerations relevant to combining these neurophysiological techniques. 

 

1.16  Thesis Outline 
  Chapter 2 presents the general methodology for this research program. This 

chapter provides a review of the ERP technique for assessing WM processing and 

presents various considerations for developing a combined tDCS/ERP protocol. It 

also describes a pilot study investigating the efficacy of a modified ERP acquisition, 

designed to accommodate tDCS electrodes on the scalp. Specifically, the pilot study 

aimed to replicate the characteristic attenuating pattern of P3b amplitude, despite 

limiting the EEG acquisition to midline sites. The equipment and techniques 

presented here are consistent with the subsequent study 1 (chapter 3) and study 2 

(chapter 4). A change of equipment and acquisition technique was presented in study 

3 (chapter 5), though the rationale for identifying ERP components is consistent 

throughout the research program.  

  The aim of study 1 (chapter 3) was to investigate the impact of an anterior 

cathode location on the tDCS effects on WM. Considering bilateral recruitment of 

the dorsolateral prefrontal cortex (DLPFC) is required to support WM functioning 

under high load conditions, it was hypothesised that the conventional cathode 

location at the contralateral orbit (in the context of anode over left the DLPFC) may 

mask faciliatory tDCS effects, particularly under high WM load. Participants 

received one of two offline tDCS protocols: anode at left DLPFC and cathode at 

either the contralateral orbit or the inion. Immediately post tDCS, all participants 

completed a parametric N-back task with EEG. There were no overall effects of 

tDCS on WM performance (behavioural responding) or processing (ERPs), nor any 
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effect of cathode location. An online tDCS protocol and measurement of baseline 

WMC were identified as modifications that may increase the likelihood of detecting 

overall tDCS effects in study 2. 

  The aim of study 2 (chapter 4) was to investigate the role of baseline WMC 

and task difficulty on tDCS effects on WM. Given WM load and WMC mediate 

overall WM performance, it was hypothesised that an adaptive (high load) N-back 

task may facilitate tDCS effects relative to a (static) low-load N-back task. It was 

also hypothesised that tDCS effects may be more available to individuals with low 

WMC at baseline, as they have more room to improve, particularly under high WM 

load. Baseline WMC was measured with the digit span backwards task (Lumley & 

Calhoun, 1934). Participants received online tDCS, paired with either the adaptive 

(high load) N-back task or the static (low-load) N-back task, followed by a 

parametric N-back task paired with EEG immediately post-tDCS. Similar to study 1, 

there were no overall effects of tDCS on WM performance (behavioural responding), 

despite evidence of practice benefits following the adaptive N-back task. There was, 

however, evidence of a selective effect of tDCS on the P2 component, which reflects 

attentional control, and not on the P3 component, which reflects WM updating. A 

mixed within-subjects design and a sample stratified by susceptibility to poor 

attentional control was identified as a modification to increase the likelihood of 

detecting overall tDCS effects in study 3. Additionally, study 3 sought to replicate 

the selective effect of tDCS on P2 (attentional control). 

 The aim of study 3 (chapter 5) was to investigate the apparent effect of tDCS 

on the P2 component, identified in chapter 4. Specifically, we investigated whether 

vulnerability to poor attentional control mediated response to tDCS and a single 

session of WM training. A cohort characterised by high trait anxiety and a control 
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group were recruited, as trait anxiety is associated with poor attentional control and 

the P2 component. Participants completed a single-session of tDCS paired with an 

adaptive N-back task. Pre- and post-tDCS electrophysiological and behavioural 

responses were measured in response to a parametric N-back task. Importantly, 

evidence of poorer attentional control (the P2 component) in the high trait anxiety 

group was evident, relative to controls. The selective effect of tDCS on P2 amplitude 

from study 2 was replicated. Unlike study 2, it was possible, due to the pre-post 

study design, to identify that the P2 amplitude reduced following atDCS. In this 

context, the expected pattern of tDCS and high trait anxiety was present on 

behavioural markers, though it did not reach significance.  This pattern is typical of 

increased target-detection efficiency. The replicated tDCS effects on WM processing 

(ERPs) on this occasion provides evidence for the idea that some WM sub-processes 

are more responsive to tDCS than others. Additionally, the marginal effects of tDCS 

on WM performance (behavioural responding) in the context of high trait anxiety 

cautiously suggests that facilitatory effects of tDCS may be particularly available to 

individuals with poor attentional control at baseline. 

 Finally, a general discussion (chapter 6) summarises the main findings of this 

thesis and then considers these findings collectively. Implications for tDCS 

interventions for WM are discussed, including the possibility that tDCS may have an 

indirect effect on an inherently load-sensitive construct like WM.  This final chapter 

also considers the limitations of the empirical studies and considers the implications 

of this research program for future research. 
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Chapter 2: General Methodology 
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2.1 Chapter Overview 
The purpose of the general methodology chapter is to provide the rationale for 

the combined tDCS/EEG protocol, used to investigate WM processing in this 

research program. The ERP and tDCS techniques are discussed individually in the 

context of WM, followed by considerations specific to combining these 

methodological approaches. There are several variations in tDCS/EEG protocol and 

analyses available when combining these two techniques. Throughout this chapter, 

the protocol and analysis decisions for this thesis are presented in the context of 

previous literature and the research questions of this thesis. Finally, a pilot study is 

presented to demonstrate that the modified EEG acquisition protocol produced the 

expected pattern of ERP components, elicited during the parametric N-back task. 

2.2 Overview of the Event-Related Potential 
Technique 
Event-related potentials are the positive and negative voltage deflections in 

neural activity elicited in response to sensory, perceptual and cognitive processing 

(Luck & Kappenman, 2011). ERPs occur within a neural recording containing task-

relevant and irrelevant activity. By averaging the neural response across multiple 

trials of a task (15-30 trials for cognitive ERP components, particularly those that 

have a good signal-to-noise ratio, as recommended by Friedman and Johnson 

[2000]),  the signal-to-noise ratio is increased and the ERP deflections become 

increasingly sensitive to task-relevant information processing (Friedman & Johnson, 

2000). ERP components vary in terms of their amplitude, latency and scalp 

distribution, each of which will vary as a function of experimental variables 

(Johnson, 1992). Component amplitude measures the strength of the neural 

activation, component latency measures the timing of this activation, and the 
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distribution of a component provides a fairly general measure of the spatial 

distribution of neural contributors to the activation (Luck, 2014). ERPs are useful for 

differentiating the cognitive sub-processes that contribute to a behavioural response. 

Functional interpretations of changes in ERP characteristics, secondary to task 

manipulations, are possible with reference to existing ERP literature and can 

contribute to understanding task-related information processing, even in the absence 

of a discernable behavioural effect (Luck, 2014). Additionally, ERPs provide a 

measure of cognitive processes that are challenging to distinguish with behavioural 

responses alone (e.g. attentional control versus WM updating). Therefore, high 

temporal resolution is a notable strength of the ERP technique, which is particularly 

useful for investigating cognitive sub-processes. 

  In contrast to high temporal resolution, ERPs have poor spatial resolution. 

Whilst it is possible to comment on the topographical distribution of an ERP 

component and infer with reference to literature that a corresponding neural 

generator was underlying that component, it is not possible to comment specifically 

on the neuroanatomical basis of an ERP effect using this technique alone (Luck, 

2014). The ERP technique is effective for, though limited to, the measurement of 

temporal characteristics of cognitive processes, making the ERP approach suitable 

for investigating sub-processes of WM. 

2.3 Working Memory and Event-Related 
Potentials 

  The ERP technique has been extensively used to investigate WM processing. 

The pattern of ERP components elicited during a task of WM is dependent on the 

nature of the particular WM task being used. A large amount of the ERP literature 

investigating WM processing has used the oddball paradigm (García-Larrea, 
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Lukaszewicz, & Mauguiére, 1992; Polich & Margala, 1997) . An oddball paradigm 

involves identifying infrequently occurring targets (the oddball) within an array of 

target and non-target items. The participant is required to detect the infrequent target 

stimuli with a response (for example, reaction time responses or silently counting 

these events). The oddball task reliably elicits a task-relevant P3b component (Sutton 

et al., 1965), and the addition of infrequent distractor trials elicits the novelty P3a 

(Friedman et al., 2001). Additionally, the oddball paradigm reliably elicits a task 

irrelevant N2 associated with inhibition (Folstein & Van Petten, 2008). The oddball 

paradigm has been interpreted as measuring aspects of WM processing (Donchin & 

Coles, 1988; McCarthy, Luby, Gore, & Goldman-Rakic, 1997; Polich & Margala, 

1997), however, considering the literature review presented in Chapter 1 which 

examined various models of WM, the oddball paradigm may be best characterised as 

a task of cognitive control because the goal (or target item) is identified at the outset 

of the task and remains constant, which does not engage WM maintenance and 

updating processes. The Sternberg paradigm is another task commonly used to 

investigate WM processing with the ERP technique (Sternberg, 1966). The Sternberg 

task shares some similarities with the Wechsler Digit Span tasks, where the span of 

items to be held in WM at a given time is manipulated to increase the WM load of 

the task, which is important for engaging WM maintenance and updating processes 

(Lumley & Calhoun, 1934). The Sternberg task involves a single presentation of a 

string of items to be held in WM. Subsequently, single items are displayed and the 

participant is required to identify whether the item was present in the recent string 

(target) or was not present in the recent string (a non-target) (Sternberg, 1966). The 

modified Digit Span task for ERPs is very similar to the Sternberg paradigm, 

however, there is an additional subtask of retaining the serial order of information 
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presented in the string (digits forward condition) and to reverse the serial order of the 

string (digits backward condition; Lumley & Calhoun, 1934). Both tasks feature load 

manipulations and elicit a task-relevant, load insensitive P2 and a task-relevant load-

sensitive P3b (Lefebvre, Marchand, Eskes, & Connolly, 2005; Pratt, Michalewski, 

Barrett, & Starr, 1989). The Sternberg task with distractors also elicits an N2 

(Wolach & Pratt, 2001). However, from the perspective of the contemporary models 

of WM, the Sternberg task does not require participants to retain the serial order of 

information and the modified version of the Digits Span task featured a recognition 

response format. These characteristics likely reduce the load, or function to scaffold 

the WM maintenance and updating processes (Oberauer, 2005). 

  The N-back task is the other most commonly used measure of WM 

processing with ERPs, with advantages over the Oddball, Sternberg and Digits Span 

paradigms in terms of its sensitivity to measuring the executive processing sustaining 

WM (Kirchner, 1958; Watter et al., 2001). Originally developed by Kirchner (1958), 

the N-back task requires the participant to match the current item presented to a 

target held within WM. Additionally, the participant must continually update the 

target item within WM, and redefine the target depending on the level of N-back. In 

the original N-back task (Kirchner, 1958), the parametric order of presenting the N-

back load from 0-back, 1-back, 2-back to 3-back was an inherent feature of the task, 

where participants were additionally required to discontinue when they became 

unsuccessful at a particular level of N-back. The N-back task is considered a dual-

task where the demand for executive-level supports to sustain WM maintenance and 

updating processes can be manipulated (Chen, Mitra, & Schlaghecken, 2008).     

  The typical neural waveform elicited in response to the N-back task features 

two positivities, the P2 and P3b. Successful attentional control and working memory 
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updating on the N-back task are reflected in a reduced P2 amplitude and enhanced 

P3b amplitude (Lijffijt et al., 2009; Zhao, Zhou, & Fu, 2013). The inverse pattern 

(larger P2 and smaller P3 amplitudes) are observed in poor performing adults and 

older adults relative to high performing, same-aged peers (Gevins & Smith, 2000; 

Lubitz, Niedeggen, & Feser, 2017). Additionally, the pattern of P2 and P3b is 

responsive to WM intervention (Zhao et al., 2013). Therefore, N-back task and 

associated ERPs are suitable for investigating the impact of WM load and baseline 

WMC on executive-level WM sub-processes. 

2.4 Identifying ERP Components Elicited by the 
N-back Task 

  There are a number of ways to identify ERP components, each with pros and 

cons (Luck, 2014). The following summary was taken from the recommendations of 

Luck (2014). The amplitude of a component can be calculated using either peak or 

mean amplitude methods. The peak amplitude calculation involves identifying the 

most positive point for each individual within a specified window. This calculation is 

not sensitive to window length. The mean amplitude calculation takes the average 

amplitude of neural activity within a given window and is therefore sensitive to the 

length of the preselected window. However, mean amplitude is more directly related 

to the grand average waveform than peak amplitude, so a shorter window around the 

component peak is recommended to avoid diluting the calculation with a broad 

window. Further, the peak of a component varies at an individual level, so it is 

important to review individual and grand average waveforms in selecting a method 

of component identification. Finally, it is recommended to consult previous literature 

regarding the selection of a temporal window is recommended, particularly in the 

context of a mean amplitude calculation (Luck, 2014).  
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  In the context of the N-back task, load manipulations are expected to modify 

the amplitude/latency of the load-sensitive P3b. In order to capture the task-related 

and individual-level variability of the P3b in response to load manipulations, the 

temporal window of the P3b calculation needs to be broad enough to capture this 

variability. The mean amplitude calculation is more directly related to the grand 

average waveform and is more resistant to variance between individuals in terms of 

latency, noise or number of trials included in the calculation (Luck, 2014). Therefore, 

the mean amplitude calculation was selected to identify ERP components in this 

research program. In order to reduce the impact of temporal window selection on the 

mean amplitude calculation, the recommended best practice is to select a narrow as 

possible window either side of the peak in the grand average waveform, combined 

with reference to existing literature, and to review individual waveforms to confirm 

that the component of interest occurs within this window (Nidal & Malik, 2014).  

  The peak latency measure was used to calculate the timing of processes that 

are likely to vary due to task and experimental manipulations in this research 

program (Nidal & Malik, 2014). Additionally, there is variability in the literature in 

terms of which trials are included in the analysis of ERP components. For example, 

there is an apparent discrepancy in the literature in terms of whether P3b amplitude 

increases or decreases due to increasing WM load (Vilà-Balló et al., 2018). However, 

from a methodological point-of-view, this discrepancy is likely to be related to the 

type of trials that were included in the ERP calculation. The attenuating pattern of 

P3b amplitude secondary to increasing load has occurred in the context of ERPs 

calculated on target trials (Kok, 1997; Segalowitz et al., 2001; Vilà-Balló et al., 

2018), whereas the inverse pattern of P3b amplitude has occurred when the 

calculation was restricted to correct-response trials (Chen et al., 2008; Chen & Mitra, 
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2009). In this research program, the ERPs will be identified in response to target 

trials, in order to measure WM processing associated with attentional control and 

WM updating. 

2.5 tDCS Protocol for Targeting Working 
Memory 
Similar to the ERP technique, there are a number of variables to consider in the 

design of a tDCS protocol. Stimulation parameters related to dose (intensity and 

duration of stimulation, size and shape of electrodes) vary between studies. To date, 

there is not enough evidence to suggest that dose-related variables have a significant 

influence on single-session tDCS outcomes on WM processing (Nikolin, Martin, 

Loo, & Boonstra, 2018; Teo, Hoy, Daskalakis, & Fitzgerald, 2011). In the absence of 

clear evidence in WM-specific literature to recommend particular settings for 

stimulation intensity, current density, or length of tDCS delivery, we chose to base 

our protocol decisions on another study that has previously combined the tDCS and 

ERP techniques (Keeser et al., 2011). Therefore, stimulation intensity (2mA) and 

duration parameters (20 minutes) are based on that reported by Keeser and 

colleagues (2011). These parameter settings have been used in the WM/tDCS 

literature, including studies that do not combine the tDCS and ERP technique 

(Poreisz, Boros, Antal, & Paulus, 2007; Teo et al., 2011). The tDCS electrode 

montage is informed by the neuroanatomical underpinnings of the process 

(cognitive, motor, psychological) intended to be targeted by the tDCS intervention. 

The dorsolateral prefrontal cortex appears to be particularly implicated in WM 

processing in the context of a more broadly distributed neural network and is the site 

where the anode (faciliatory charge) is typically positioned (Owen, McMillan, Laird, 

& Bullmore, 2005). The cathode was placed over the contralateral orbit in these 
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experiments (Fregni, Boggio, Nitsche, et al., 2005), though this cathode location was 

specifically investigated in study 1 (chapter 3). Additionally, tDCS can be delivered 

online or offline, and response to tDCS can be calculated during or immediately post 

stimulation. In line with recommendations arising from a meta-analysis (Hill et al., 

2016), tDCS was delivered offline in study 1 (chapter 3), however a shift to online 

tDCS was indicated for studies 2 and 3 (chapters 4 and 5). 

2.6 Study Design Factors for tDCS Experiments 
Several study design factors vary within the tDCS/WM literature (Horvath et 

al., 2015; Mancuso et al., 2016). Outcome measures vary both in terms of the WM 

task used and whether the reported effects occur on response accuracy, reaction time 

or signal detection indices. Additionally, the reported effects of tDCS on these 

indices vary in terms of how sensitive the WM task was to executive sub-processes, 

such as attentional control or WM maintenance and updating. For example, tDCS 

effects have been reported on tasks best characterised as measuring immediate 

attention and cognitive control (Digits Span Forward), and on low WM load tasks 

(the Sternberg task; Andrews, Hoy, Enticott, Daskalakis, & Fitzgerald, 2011; 

Mulquiney, Hoy, Daskalakis, & Fitzgerald, 2011). tDCS effects have also been 

reported specifically in the context of moderate and high WM load tasks (Fregni, 

Boggio, Mansur, et al., 2005; Gill et al., 2015), and in high performers within a 

vulnerable cohort (Berryhill & Jones, 2012). Further, some study design factors, such 

as counter-balanced and cross over study designs, are potential insensitive to the 

construct of WM (Mancuso et al., 2016). Some advantages of having the same 

participant complete all experimental and tDCS manipulations include: a) increased 

statistical power of within-subject analyses in the context of small sample size, b) the 

ability to control for individual difference factors, and c) convenience for participant 



 

  40 

recruitment. However, completing the same experiment multiple times has 

disadvantages. For example, task practice reliably improves performance on WM 

tasks (Jaeggi, Buschkuehl, Jonides, & Perrig, 2008; Shipstead, Redick, & Engle, 

2012; Zhao et al., 2013) and the interactions between the order of presentation of the 

treatment condition and practice may not be bidirectional in nature (Brunoni et al., 

2011; Greenwald, 1976; Nilsson, Lebedev, & Lövdén, 2015). Additionally, whilst 

the carry over effects of the stimulation tend to be controlled for by conducting 

experimental conditions on different days, this "wash off period" is unlikely to 

control for the juxtaposition of sensations between the active and sham tDCS 

conditions. For example, tDCS blinding was not effective when the same subject was 

exposed to both the active and the sham 2mA tDCS conditions (O’Connell et al., 

2012; Wallace, Cooper, Paulmann, Fitzgerald, & Russo, 2016). Therefore, despite 

the benefits of counterbalanced within-subject designs in terms of statistical power 

and control over individual difference factors, this approach has several limitations. 

The experiments in this research program will adopt a between-subject design in 

order to reduce the influence of practice, context effects and non-linear interactions 

between tDCS and task practice. 

2.7 A Combined tDCS with Event-Related 
Potential Method 
Few studies have paired the EEG and tDCS techniques, therefore some 

methodological implications of combining these approaches are considered here. For 

example, the parametric order of WM load presentation inherent to the N-back task 

was introduced in section 2.3. However, a parametric order of N-back load delivered 

post-tDCS may introduce tDCS-specific sequence effects, whereby the 1-back task is 

delivered closer to the tDCS session than the 3-back task. Fortunately, there is 
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evidence that tDCS after-effects associated with 2mA anodal tDCS over a 20 minute 

session on electrophysiological and behavioural outcome measures are sustained at 

30 minutes post-tDCS, and even up to 120 minutes post-tDCS (Jamil et al., 2017; 

Ohn et al., 2008). Therefore, we can anticipate that tDCS after-effects will be 

sustained over the course of the parametric N-back task outcome measure (15 

minutes in duration). Additionally, we modified the 18-block parametric N-back task 

to minimise sequence effects by splitting the blocks in half, presenting 2 sets of 9 

blocks of the 1-, 2- and 3-back tasks. In each set, the n-back loads were presented 

parametrically, increasing from 1-back, 2-back to 3-back. Full details of the N-back 

task are presented in the Methods section 2.9. 

Additionally, combining the tDCS and EEG techniques into one protocol 

involved consideration for the electrode placements of each technique on the scalp. 

A standard EEG acquisition involves recording the neural activity at multiple sites 

evenly distributed over the scalp, following an international electrode placement 

system (Jasper, 1958). tDCS electrode placement follows the same placement 

guidelines (Utz et al., 2010).  However, tDCS electrode placement precludes 

concurrent recording of neural activity at the same site. The P2 and P3 ERP 

components of interest are elicited at the midline EEG electrodes (Fz, Cz and Pz), 

therefore the tDCS electrodes, which occupy lateral sites (F3 and the contralateral 

orbit) are not likely to disrupt the connectivity of these midline EEG sites. However, 

positioning both the tDCS and EEG electrodes on the scalp at the same time raised 

the EEG cap at the tDCS electrode sites (the right orbital area and the left DLPFC) in 

a way that does not occur when the EEG cap is applied to the scalp without other 

equipment. Standardising the setup and transition time between operating the tDCS 

and the post-tDCS EEG recording was important, in order to measure acute tDCS 
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effects on the subsequent EEG recording consistently for each participant. In order to 

minimise the transition time between the tDCS session and post-tDCS EEG 

recording, the tDCS equipment was switched off, but not removed from the scalp 

prior to the EEG recording. Leaving the tDCS electrodes in their place allowed us to 

commence the post-tDCS EEG recording, immediately following the 20-minute 

tDCS session. To minimise the transition period between tDCS and subsequent EEG 

recording, the EEG acquisition was limited to the necessary midline sites. In addition 

to recording the electrophysiological activity at midline sites (Fz, Cz and Pz) in order 

to measure the P2 and P3b components, it was necessary to also record 

electrophysiological activity at an anterior ground site, with two ocular movement 

sites and two mastoid reference sites required. To test the efficacy of this modified 

EEG acquisition, a pilot study was conducted to compare the pattern of elicited ERPs 

to a parametric N-back task with previous research, where a traditional, full EEG-cap 

acquisition was used (Segalowitz et al., 2001; Watter et al., 2001).  

2.8 Pilot Study 
The pilot study aimed to test a modified EEG acquisition, which would 

accommodate tDCS electrodes on the scalp in subsequent experiments of this thesis. 

In addition to testing the modified EEG set up, the pilot study provided an 

opportunity to validate the parametric N-back task, which we adapted for 

compatibility with recorded electrophysiological activity in this research program. 

The method presented in this pilot study is intended to inform the outcome 

measurement for subsequent experimental chapters of this thesis. Therefore, the 

tDCS component of the combined methodology, which is independent of the 

outcome measurement process, was not tested here. Instead of a traditional full cap 

EEG acquisition, in this modified EEG acquisition protocol, neural activity was 
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recorded only at midline sites (Fz, Cz, Pz) plus additional ground, mastoid reference 

and ocular electrodes. As the P2 and P3b components of interest are elicited at 

midline EEG sites (Fz, Cz, Pz) it was hypothesised that the modified EEG 

acquisition protocol would elicit a comparable task-relevant, load-insensitive P2 

component and a task-relevant, load-sensitive P3b component, in response to the 

load manipulations of the parametric N-back task. 

2.9 Methods 
Participants 

Ten adult (5 male, 8 right-handed) university students recruited from the 

University of Western Australia participated in the pilot study. The size of this 

sample is consistent with previous research, therefore we anticipated that this small 

size would be sufficient for detecting the anticipated within-subjects load effects on 

behavioural responding and P3b component mean amplitude (Keeser, Padberg, et al., 

2011; Watter et al., 2001). The ages of participants ranged from 24 to 35, where M = 

27.1 and SD = 4.04. All participants were informed about the nature of the study and 

voluntarily consented to being involved. 

 Post-hoc power analysis was conducted with G*Power 3 (Faul, Erdfelder, 

Lang, & Buchner, 2007), based on partial eta squared statistics, derived from the 

anticipated within-subjects load effect on P3b mean amplitude (Keeser, Padberg, et 

al., 2011; S. Segalowitz et al., 2001). The analysis indicated that for the size of effect 

observed in this study, a sample of 5, when the alpha level is set to .05 and power set 

to .8, would be sufficient to detect an effect of increasing load on P3b mean 

amplitude.  

 

N- back task 
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The verbal, parametric N-back task consisted of a continuous random 

presentation of single digits between 1 and 8. Participants were required to identify 

whether the current item displayed matched a previously presented target item held 

in WM, by pressing ‘A’ or withholding their response to a non-target item. The 

target item is defined by the level of ‘N’. Therefore, the stimulus presented 

immediately prior to the present stimulus is defined as a target item in a 1-back 

condition. The participant is required to hold increasing amounts of information, 

including the serial order that this information was presented in, under 2-back and 3-

back conditions. Additionally, the participant is required to continually update the 

serial list held in WM to redefine the target item. As mentioned previously in section 

2.3, a parametric order of presenting N-back load was an inherent feature of the 

original task, where participants were additionally required to discontinue when they 

became unsuccessful at a particular level of N-back (Kirchner, 1958). Consistent 

with the original version, in this n-back task, WM load was also presented 

parametrically; increasing from 1-back, to 2-back and 3-back. However, there was no 

discontinuation rule in this version of the N-back task, given that a primary interest 

of this thesis is investigating the impact of tDCS on WM processing and 

performance in the context of manipulating WM load. A parametric sequence was 

preferred over a counterbalanced sequence to give all participants the opportunity to 

benefit from a stepwise increase in WM load, and was consistent with the method of 

the two studies informing the outcome measurement (Segalowitz et al., 2001; Watter 

et al., 2001).  

The task consisted of 18 N-back blocks, divided into 2 sets of 9 blocks. In 

each set, 3 blocks at each level of 1, 2 and 3-back were presented parametrically. 

Within each block there were 20 trials. Each trial consisted of a single digit stimulus 
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presented in the centre of the screen. The digits ranged between 1 and 8. Of the 20 

trials, 14 trials presented nontarget stimuli and six trials presented target stimuli. For 

each trial, the program selected: a) whether or not to display a target and b) what 

non-target stimulus to present for a non-target trial. During the 1-back task, the first 

stimulus is considered a “start” trial, as there is no previous item to match that 

stimulus to. During the 2-back and 3-back tasks, the initial stimuli are considered 

“start” trials until enough items have been presented to constitute a 2- or 3-back 

target. The data collected during these start trials were not included in performance 

counts for correct rejections. A visual representation of the N-back task is presented 

in Figure 2.1.



 

  46 

 

Figure 2.1 A visual representation of the N-back task. The white arrow 

identifies the current item presented to the participant, whilst the red arrow connects 

the current item with the target item, presented N-items ago in the sequence. The 

image on top describes a target in the 1-back condition, the middle image describes a 

target in the 2-back condition, and the bottom image describes a target in the 3-back 

condition. These images are taken from the instructions we presented to the 

participants. This N-back task was developed in Inquisit, Millisecond software, 

based on the N-back task described by Jaeggi and colleagues (2010). 
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 Each trial presents an item, maintained on screen for 300 ms. A stimulus 

trigger was attached to this item, sent from the presentation computer to the EEG 

recording system. The next item in the sequence is presented, with a stimulus trigger, 

1450 ms later. Participants have the entire 1750 ms to respond by pressing ‘A’ if they 

detect a target, or withholding their response to a non-target. A response marker was 

associated with pressing ‘A’ within the 1750 ms time frame, and this response trigger 

was sent from the presentation program to the EEG recording system. Different 

stimulus and response triggers were associated with stimuli and participant responses 

(pressing the letter ‘A’) to the 1-back, 2-back and 3-back tasks. The timeframes for 

length of stimulus presentation and response period were chosen based on previous 

ERP research (Segalowitz et al., 2001). The sequence of 9 blocks was repeated 

twice, to collect enough acceptable trials for ERP analysis. Each participant was 

exposed to 36 targets at each level of load, allowing for an acceptable number of 

trials (15-30) for ERP analysis even if some target trial data is lost during EEG pre-

processing, as recommended by Friedman and Johnson (2000). Participants were 

exposed to 1 block at each level of load for practice, with the option of repeating the 

practice block if required. The practice period was intended to provide participants 

with the necessary context of how the goal varies in each condition, rather than to 

develop proficiency. This N-back task was presented via Inquisit, Millisecond 

software (Jaeggi et al., 2010), using similar coding to the parametric N-back task 

originally described in Gevins and Cutillo (1993). We modified the code of this N-

back task, as implemented in Millisecond software, to present digit stimuli with 

stimulus markers, and to trigger response markers for each level of N-back load. 

 

Procedure 
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  Participants provided informed consent at the beginning of this experiment. 

Each participant underwent one testing session of the parametric N-back task with 

EEG recording. tDCS electrodes (unattached to the outlet) were placed on the scalp 

at positions F3 and the contralateral orbit, and the EEG cap was fitted above the 

tDCS electrodes. All participants read N-back task instructions and completed 

practice trials prior to commencing the N-back task with EEG recording. As 

previously described in sections 2.3 and 2.9, the parametric N-back task involves 

completing the N-back conditions in sequential order (1-back, 2-back, 3-back). All 

participants completed this sequence twice with continuous EEG recording. 

 

Electrophysiological acquisition 

  Continuous EEG activity was recorded with AG/AgCI electrodes embedded 

in an Easy-CapTM. Electrodes were placed at 3 midline sites: Fz, Pz and Cz, 

according to the international 10-20 system. This modified acquisition from only 

midline sites was piloted prior to this experiment. Ground was anterior frontal site 

FPz, and the right mastoid was set as the online reference. Vertical ocular recording 

monitored eye movements from below and above the left eye. The EEG signal was 

amplified with a NuAmps 40-channel amplifier and digitized at a sampling rate of 

250 Hz, and filtered online using a 0.05-30 Hz bandpass filter. Electrode impedances 

were kept below 5 kOhms, prior to recording. ERP processing was conducted offline 

using Neuroscan 4.5 software (Compumedics Neuroscan, Charlotte, NC, USA). EEG 

recordings were re-referenced to an averaged mastoid and filtered offline using a 0.5-

30 Hz zero phase shift band-pass filter (12 dB roll off). The vertical ocular electrodes 
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enabled offline blink reduction according to a standard algorithm (Compumedics 

Neuroscan, Charlotte, NC, USA).  

 

EEG Analysis  

  EEG signals were extracted offline and segmented into stimulus-locked 

epochs of 200 ms pre-stimulus onset to 1000 ms post-stimulus onset at each of the 

midline sites (Fz, Cz, Pz). The individual averaged waveforms were baseline-

corrected around the prestimulus interval, as recommended by Luck (2014), for 

target trials (Segalowitz et al., 2001). Target trials were of interest, given the P2 and 

P3 components occur in the context of task-relevant information processing. Epochs 

containing artefacts ± 150 µV were excluded from individual averages. Exclusion of 

a trial eliminated values for all three midline sites, so missing trials could not 

influence topography. 

  There were 36 target trials presented at each level of load (1-back, 2-back, 3-

back). The mean number of target trials retained per participant after artefact 

rejection was 34 (SD = 5.67). No participant had fewer than 15 targets, the 

recommended minimum for P2 and P3 component analysis (Friedman & Johnson, 

2000).  

  Mean amplitude was used to measure the P3 and P2 components and peak 

latency was used for measuring their timing. The temporal windows for each 

component were guided by visual inspection of the positive deflections and were 

informed by previous research (Keeser, Padberg, et al., 2011), as recommended by 

Luck (2014). The P2 component was calculated as the average of neural activity 

within the window of 120ms and 270ms. The P3 component was calculated as the 

average of neural activity within the window of 270ms and 450ms. These temporal 
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windows closely resemble those reported in a previous study that also featured the 

combination of tDCS and ERPs methods in response to the N-back task (Keeser, 

Padberg, et al., 2011). Peak latency for the P2 and the P3 component was identified 

as the time-point at which the amplitude was most positive in the individual 

waveform within the same time windows used to calculate mean amplitude. 

 

Statistical Analyses  

   Mean response accuracy was calculated as a percentage of correct responses 

to target stimuli and withholding response to non-target stimuli , and mean reaction 

time was calculated on all responses to target trials. Mixed 3 x 3 ANOVAs (load by 

site), with contrasts for main effects of site, were conducted to identify the site to 

measure the ERP component in subsequent analyses. Mixed ANOVAs, with 3 levels 

of N-back load as the single factor, were used to investigate the influence of 

increasing load on ERP and behavioural dependent variables, which were entered as 

the between-subject factors. Greenhouse-Geisser corrections were used for all 

relevant analyses in which Mauchly’s test of sphericity indicated that the sphericity 

assumption was violated. Significant interactions were decomposed with Bonferroni-

corrected pairwise comparisons. Partial eta-squared measurement was used as the 

effect size measure for the ANOVAs, and Cohen’s D was used for mean differences.  

2.10  Results 
Behavioural Results  

  Two 3 x 1 ANOVA (load by behavioural measure) were conducted for each 

of the two behavioural dependent variables, response accuracy and reaction time, and 

these behavioural responses were characteristic of a parametric N-back task (See 

Table 2.1; Gevins & Cutillo, 1993). There was a significant effect of load and 
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response accuracy, F (2, 18) = 98.41, p <.001, ηp2  =.916, where participants were 

less accurate as load increased from 1-back to 2-back, t (9) = 4.22,   p <.001, d =  -

0.8, and again as load increased from 2-back to 3-back, t (9) = 8.32,  p <.001, d =  -

2.9. There was a similar effect of load and reaction time, F (2, 18) = 23.32, p < .001, 

ηp2  =.722, where reaction time was significantly slower at 2-back relative to 1-back, 

t (9) = -7.08,  p <.001, d = 1.62, though no significant reduction was present between 

2-back and 3-back, t (9) = -0.74,  p = .01, d = 0.12 .  

 

Table 2.1 Mean and standard deviation values for response accuracy and reaction 

time 

N	=	10	 Response	Accuracy	(%)	 Reaction	Time	(ms)	
 M SD M SD 

1 back  89.72 8.98 576 85 
2 back  80.28 14.01 761 135 
3 back  53.5 9.43 789 157 

M = mean, SD = standard deviation 
 

Event Related Potential Results 

To identify the maximal distribution of each ERP component for subsequent 

analysis, two 3 x 3 ANOVA (load by site) was conducted for each of the two 

amplitude dependent variables, P2 amplitude and P3b amplitude at midline sites (Fz, 

Cz, Pz). While there was no main effect of site on P2 component amplitude, F(2, 36) 

= .270, p =.77, ηp2 = .03, numerically the voltage of the P2 component was larger at 

Cz (m= 2.42, , SD = 3.18) and Pz (m = 2.49, SD =2.47), compared to Fz (m = 2.13, 

SD = 3.49). Given past literature typically investigates P2 in a central or 

frontocentral distribution, P2 mean amplitude was measured at Cz here. There was 

no main effect of site on P3b component amplitude, F(2, 36) = 1.61, p =.24, ηp2 = 

.15.  The voltage of the P3b component was largest at Pz (m = 5.16, SD = 3.70), 
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relative to Fz (m = 2.81, SD = 3.79). and Cz (m = 4.03, SD = 4.05). Given the P3b 

characteristically has a parietal distribution, P3b was measured at Pz. The grand 

average waveforms across midline sites are presented in Figure 2.2. The distribution 

of the P2 and P3b components (mean and standard error of the mean) across the 

midline sites are presented in bar graphs in Figure 2.3. The mean and SD values for 

both amplitude and latency measures of the P2 and P3 components are presented in 

Table 2.2.
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Figure 2.2. The distribution of the stimulus-locked grand average waveform to target 

trials, elicited at the midline sites Fz, Cz and Pz, within the time windows of 120 – 

250ms and 270 – 450 ms respectively (Keeser, Padberg, et al., 2011). Amplitude in 

voltage is presented on the y axis and time in milliseconds is presented on the x axis. 

The P2 and P3 components were maximal at Cz and Pz respectively (N = 10). 

P2 

P3 
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Figure 2.3 The P2 component mean amplitude (left) and the P3b component mean 

amplitude (right) measured within the time windows of 120 ms – 250 ms and 270 ms 

– 470 ms, based on Keeser et al., (2011). Mean amplitude in voltage is presented on 

the y axis and the midline sites are presented on the x axis. Error bars represent 

standard error of the mean. 
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Table 2.2. Mean and standard deviation values for individual averaged mean 

amplitude and peak latency of the P2 and P3b components, expressed as, mean 

(standard deviation). Values are provided for the parametric N-back task overall and 

by level of N-back load. Mean amplitude is measured in voltage and peak latency is 

measured in milliseconds.  

 

ERP 

Component 

Site Overall 1 back 2 back 3 back 

P2 Mean 

Amplitude 

Fz 2.13 (3.55) 2.32 (4.26) 1.51 (3.38) 2.55 (3.0) 

Cz 2.42 (3.24) 2.32 (3.81) 3.34 (3.46) 2.59 (2.47) 

Pz 2.49 (2.53) 2.63 (2.65) 2.75 (2.73) 2.07 (2.21) 

P2 Peak 

Latency 

Fz 201 (54) 178 (41) 218 (60) 206 (54) 

Cz 174 (51) 148 (49) 184 (54) 189 (49) 

Pz 193 (50) 194 (52) 199 (51) 186 (48) 

P3 Mean 

Amplitude 

Fz 2.81 (3.83) 3.36 (4.01) 2.34 (4.61) 2.74 (2.88) 

Cz 4.04 (4.0) 4.93 (4.56) 3.72 (4.96) 3.47 (2.46) 

Pz 5.16 (3.41) 6.81 (3.54) 5.34 (4.45) 3.32 (2.22) 

P3 Peak 

Latency 

Fz 389 (65) 410 (57) 395 (81) 362 (58) 

Cz 388 (53) 411 (38) 405 (57) 347 (62) 

Pz 312 (66) 299 (54) 302 (60) 334 (84) 

 

 

 Two 3 by 1 (load x electrophysiological measure) one-way ANOVA were 

conducted for both P2 amplitude and latency at Cz. The responses were 

characteristic of a parametric N-back task. These responses were characteristic of a 

parametric N-back task. Specifically, there was no effect of increasing load on P2 

amplitude, F (2,18) = .068,  p = .93, ηp2  = .66, or latency, F(2,18) = 1.579,  p = .23, 

ηp2  = .66. The means (with SEM error bars) for the P2 component mean amplitude 

and peak latency are graphically presented in Figure 2.4. 

 

 

 



 

  56 

 

 

 

Figure 2.4 The P2 component, measured at Cz, within the time window of 120 ms – 

270 ms. Mean amplitude in voltage by N-back load is presented on the left and peak 

latency in milliseconds by N-back load is presented on the right. Error bars represent 

standard error of the mean. 
 

  

Two 3 by 1 (load x electrophysiological measure) one-way ANOVA was conducted 

for both P3b amplitude and latency at Pz. The responses were characteristic of a 

parametric N-back task. There was a main effect of load on P3b amplitude, F (2, 18) 

= 4.654, p = .02, ηp2  = .66, where mean amplitude to target stimuli was larger at 1-

back compared to 3-back, t (9) = 4.19,  p < .001, d = -1.18, though there was no 

difference between these conditions and 2-back, t (9) = 1.17,  p = .82, d = -1.2, and  

t (9) = 1.55  p = .46, d = -1.11. In the context of this reduced P3b amplitude as a 

function of increasing load, there was no effect of increasing load on P3b latency, F 

(2, 18) = 2.25, p = .13 ηp2= .20. The means (with SEM error bars) for the P3b 

component mean amplitude and peak latency are graphically presented in Figure 2.5. 
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Figure 2.5 The P3 component, measured at Pz, within the time window of 270 ms – 

470 ms. Mean amplitude in voltage by N-back load is presented on the left and peak 

latency in milliseconds by N-back load is presented on the right. Error bars represent 

standard error of the mean. 
 

2.11  Discussion 
  In this pilot study, the typical full cap EEG acquisition protocol was modified 

to be compatible with a tDCS protocol. It was hypothesised that recording neural 

activity in response to the N-back task at midline sites (Fz, Cz, Pz) and other 

necessary sites (an anterior ground site, mastoids, ocular electrodes) would elicit 

characteristic P2 and P3 positivities to target stimuli. Consistent with expectations, a 

load-insensitive P2 component and a load-sensitive P3b component were both 

present in the grand average waveform. Additionally, this pattern of 

electrophysiological responding occurred in the context of reductions in efficiency of 

behavioural responding with increasing WM load. These results provide evidence 

that the modified EEG acquisition protocol, as well as the modifications we made to 

this N-back task (e.g. replacing spatial stimuli with digit stimuli, inserting stimulus 

and response markers into the task) culminated in characteristic electrophysiological 

and associated behavioural responses to the load manipulations of the N-back task. 
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  Behavioural response costs were evident with each increase in N-back load, 

whilst the attenuation of P3b amplitude was particularly evident under high load 

conditions (3-back). This P3b pattern occurred in the context of no overall shift in 

component latency. Therefore, the attenuation of P3b amplitude is consistent with 

previous literature and the reallocation of attention hypothesis (A. F. Kramer & 

Strayer, 1988). The P2 amplitude was not load-sensitive in amplitude nor latency, 

consistent with previous literature (Crowley & Colrain, 2004). The P2 component, 

therefore, was less affiliated with the behavioural markers than the P3b component, 

consistent with previous literature (Keeser, Padberg, et al., 2011).      

  In summary, this study provided evidence that the modified EEG protocol 

generated characteristic ERP responses to a parametric N-back task. In future 

experiments, restricting the EEG acquisition to midline sites is likely to elicit 

comparable ERP components to a full cap acquisition. Additionally, this modified 

acquisition protocol is likely to minimise interference of the tDCS procedure on the 

subsequent EEG procedure and facilitate the timely transition between the tDCS 

session and EEG recording.  

2.12  Chapter Summary 
This chapter provided the rationale for several methodological aspects of this 

research program, including the use of the N-back task, the mean amplitude 

technique for identifying ERP components and the between-subjects study design. A 

pilot study was also conducted, to confirm that a modified EEG acquisition approach 

to accommodate tDCS would elicit the same ERP components as a traditional full 

EEG cap acquisition. Some aspects of the method presented in this pilot study were 

consistent features of each experimental study to follow. For example, the design and 

characteristics of the parametric N-back task, and the ‘dose’ parameters for tDCS 
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(stimulation intensity, duration, electrode size) were consistent across each 

experiment. Other aspects of the method vary between the forthcoming experiments. 

For example, the EEG acquisition during the parametric N-back task presented here 

is consistent with the approach of the first two experiments, however, a different 

EEG system, with provision for a traditional full cap acquisition and signal averaging 

process, became available for the third experiment. Despite a change in EEG 

equipment during this research program, comparable ERP components were 

identified in each experiment. Each experiment also featured additional 

manipulations unique to the research question of each chapter. In the series of 

experiments that follow, methods are described in detail the first time they are 

presented. The reader is referred to this chapter, or earlier experiments, for detailed 

methods that have already been introduced to avoid unnecessary repetition. 
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Chapter 3: Does Cathode Location 
Influence tDCS Effects 
on Working Memory as 
Assessed with Event-
Related Potentials? 
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Introduction 
  Working memory (WM) processing is supported by a distributed neural 

network, involving the frontal and parietal lobes as well as the cingulate gyrus, 

subcortical structures and the cerebellum (Owen et al., 2005). Within this distributed 

network, the dorsolateral prefrontal cortex (DLPFC) has been identified as a target 

neural population for tDCS interventions applied to modulate WM (Fregni, Boggio, 

Mansur, et al., 2005; Wager & Smith, 2003).  In the context of anodal (faciliatory) 

tDCS protocols for verbal WM, the anode is typically placed over the left DLPFC 

and the cathode over the contralateral frontal pole (Utz et al., 2010). The placement 

of the anode over the DLPFC is guided by evidence that verbal information 

processing in WM is predominantly left-lateralised in the majority of individuals 

(Levy & Goldman-Rakic, 2000; Reuter-Lorenz et al., 2000). Additionally, this anode 

location is guided by the early cognitive models which emphasised the distinction 

between verbal and visual information processing for overall WM efficiency 

(Baddeley, 1992).  

 Whilst the early models of WM highlighted separate sub-systems, and 

corresponding lateralisation in frontal lobes, for processing verbal and visual 

information in WM (Baddeley, 1992; Barbey, Koenigs, & Grafman, 2013; Smith & 

Jonides, 1998), contemporary models of WM emphasise that neural recruitment in 

the frontal lobes varies as a function of WM task difficulty, which is a product of an 

individual’s WM capacity and the WM load of the task (Kane et al., 2001; Kane & 

Engle, 2002; Unsworth & Engle, 2007). Neuroimaging literature has also identified 

that task type is less influential than task difficulty in the neural recruitment 

supporting WM processing. Callicot and colleagues (1999) identified that activation 

of unilateral DLPFC, lateralised by task type, was predominant under low WM load 



 

 64 

(1-back), though bilateral DLPFC involvement was observed under high WM load 

(3-back).  This pattern of bilateral frontal involvement has been observed during 

WM tasks, irrespective of task-type in the context of increased WM load (D’Esposito 

& Postle, 2015; Linden et al., 2003). Therefore, neural recruitment in the frontal 

lobes appears to vary as a function of WM load, which may have implications for 

electrode montage in tDCS interventions for WM.  

 The conventional electrode montage for targeting verbal WM places the 

anode over the left DLPFC and the cathode over the contralateral frontal pole, near 

to the right frontal lobe. This anterior cathode location could potentially be 

insensitive to the shifts in frontal neural recruitment that facilitate increased 

executive contributions to WM processing under high WM load. The cathode 

delivers inhibitory stimulation, which theoretically has a hyperpolarising effect on 

the neural population beneath and distal to the cathode. Despite the convention of 

treating the anode above the DLPFC as “active” and the cathode as a neutral 

“reference”, computational modelling studies have identified that the location of the 

cathode appears to influence the current flow of the stimulation, (Datta, Baker, 

Bikson, & Fridriksson, 2011; Moliadze, Antal, & Paulus, 2010). Therefore, it is 

possible that the inhibitory stimulation from the cathode may mask the beneficial 

effects of tDCS, particularly under high WM load where increased executive 

contributions are facilitated with bilateral frontal lobe involvement. 

  In order to explore potential masking effects of an anterior cathode location 

on WM processing, the standard anode DLPFC/cathode contralateral orbit electrode 

montage can be compared with an alternative montage. Previous studies targeting 

WM in healthy adults have placed the cathode over the contralateral DLPFC 

(Berryhill, Wencil, Branch Coslett, & Olson, 2010; Richmond, Wolk, Chein, & 
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Olson, 2014) or at a location above the shoulder, but off the scalp (e.g. contralateral 

cheek or mastoid) (Lally et al., 2013; Zaehle et al., 2011). In order  to avoid 

stimulation of the contralateral prefrontal cortex in this experiment, and the increased 

distance between the anode and cathode is known to reduce the stimulation intensity 

(Bikson, Rahman, Datta, Fregni, & Merabet, 2012, Utz et al., 2010). Considering 

these factors, neither protocol is feasible for investigating possible unwanted 

inhibition to the prefrontal cortex. Placing the cathode over the inion, however, 

avoids proximity to the frontal lobes whilst maintaining proximity to the anode. This 

alternative cathode site avoids the inhibitory stimulation to the contralateral frontal 

lobe, indicating that an inion cathode location would be an appropriate alternative to 

investigate potential masking effects of an anterior cathode location. 

 

  According to the rationale presented here, potential masking effects of an 

anterior cathode location may develop under high WM load, which requires 

increased executive contributions supported by bilateral frontal lobes. Therefore, 

event-related potentials (ERPs) may contribute to detecting masking effects of the 

anterior cathode location, particularly if they are load-dependent. Of the two task-

relevant positivities reliably elicited by the N-back task, the P2 component is 

characteristically load-insensitive and the P3b component is characteristically load-

sensitive. Specifically, P3b amplitude reliably attenuates with increasing WM load 

with corresponding reductions in behavioural responding (Watter et al., 2001). This 

attenuation tends to occur independent of a shift in component latency, consistent 

with a reallocation of attention resources hypothesis, whereby task difficulty shares a 

negative relationship with P3 component amplitude  (Kramer, Schneider, Fisk, & 

Donchin, 1986; Kramer, Wickens, & Donchin, 1985). A masking effect of cathode 
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location, therefore, may be more likely to occur on the load-sensitive P3b under high 

WM load. 

 The current study aimed to investigate the potential masking effects of an 

anterior cathode location within an anodal tDCS protocol applied to modify WM. 

Considering the evidence linking DLPFC to WM, particularly bilaterally with 

increasing WM load, the contralateral orbit cathode location was compared to the 

inion. EEG was recorded during a parametric N-back task to characterise post-tDCS 

effects at an electrophysiological level. It was hypothesised that the anode left 

DLPFC/cathode contralateral orbit montage may mask the beneficial effect of tDCS, 

compared to anode left DLPFC/cathode inion. Support for this hypothesis would be 

evident if an effect of tDCS occurred uniquely in the cohort who receive the left 

DLPFC/cathode inion montage. A beneficial effect of tDCS would be characterised 

by an enhanced P3 amplitude, if not also increased response accuracy. Additionally, 

it was hypothesised that the potential masking effect of the anterior cathode location 

may become evident with increased WM load. 

 

3.1 Method 
Participants 

52 adults (19 male, 48 right-handed) participated in the study. The size of this 

sample is consistent with previous research (Keeser, Padberg, et al., 2011; Watter et 

al., 2001). The sample consisted of undergraduate students recruited from the School 

of Psychological Science at the University of Western Australia, who participated in 

return for course credit. Participants provided informed written consent prior to 

participation and the protocol was approved by the human research ethics committee 

at the University of Western Australia (RA/4/1/7951). Post-hoc power analyses to 
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consider the impact of sample size on the observed results are presented in the 

forthcoming results section.   

 

tDCS 

  Anodal tDCS (Ionta, Chattanooga Group) was delivered through saline-

soaked sponge electrodes (4 x 6 cm) at a constant current of 2 mA. The current was 

set to linearly ramp up or down over 30-second intervals, with full stimulation 

applied for 20 minutes. Sham tDCS (stDCS) was delivered only during the 30-

second ramping current up to 2 mA, which was then switched off with a ramp down 

from 2mA to 0mA over another 30 second period. The device was switched off for 

the duration of the 20 minutes for stDCS (Dedoncker et al., 2016; Keeser, Meindl, et 

al., 2011; Nikolin et al., 2018; Poreisz et al., 2007).  The electrodes were held in 

place beneath an EEG 10-20 system cap and a headband. Electroconductive gel 

(Weaver and Company; USA) was applied under the electrodes to reduce impedance. 

To position the EEG cap precisely on the scalp, measurements were taken from the 

nasal to inion and from one preauricular area to the other. The stimulation electrode 

was placed over the left DLPFC (F3) and the reference electrode over the 

contralateral supraorbital area or the inion, according to the 10-20 EEG international 

electrode scalp positioning system (Jasper, 1958). The electrode configuration is 

presented in Figure 3.1 
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a)  b) 

Figure 3.1 A representation of the typical tDCS electrode configuration for targeting verbal 

WM. The anode (positive charge) is placed over F3 (10-20 system) which corresponds with the 

DLPFC. In the model on the left (a), the cathode is placed over the contralateral orbit. In the 

model on the right (b), the cathode is placed over the inion. This figure was originally presented 

in a publication by Johnson and colleagues (2013). 

 

N-Back task 

  The parametric N-back task used here, and the stimulus and response triggers 

sent to the EEG recording system, are identical to the version described in detail in 

Chapter 2, section 2.9. The parametric verbal N-back task required participants to 

press ‘a’ if they identified a target item, defined as a trial where the current item 

presented in the field matched an item presented ‘N’ items ago, and withhold their 

response to non-targets. The level of ‘N’ systematically increased from 1-back, 2-

back to 3-back over 9 blocks, 3 blocks per level of ‘N’. This N-back sequence is 

presented twice (18 block in total) to collect enough acceptable trials for ERP 

analyses. Each participant was exposed to 36 targets at each level of load, allowing 

for an acceptable amount of trials (15-30) for ERP analysis, even if some target trial 

data is lost during EEG pre-processing. Participants were exposed to 1 block at each 
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level of load for practice. This N-back task was presented with Inquisit, Millisecond 

software (Jaeggi et al., 2010) and is similar to the parametric N-back task developed 

by Gevins and Cutillo (1993). The stimulus presentation rate (each stimulus 

presented for 300 ms with a window of 1450 ms before the next stimulus is 

presented, and the participants have the entire 1750 ms window to respond) was 

based on previous working memory research using ERPs (Segalowitz, 2001). 

 

Procedure 

Participants provided informed consent at the beginning of this experiment. 

Participants were allocated to 1 of 4 conditions: anode left DLPFC/cathode 

contralateral orbit (active or sham tDCS) or anode left DLPFC/cathode inion (active 

or sham tDCS). Per the rationale provided in Chapter 2, a between-subjects study 

design was preferred to minimise the influence of practice effects, non-linear tDCS-

practice interaction effects and context effects (Greenwald, 1976). Further, tDCS was 

delivered offline here, consistent with recommendations for healthy adults (Hill et 

al., 2016). Immediately following a single offline tDCS session, all participants 

completed the parametric N-back task with an EEG recording. The procedure took 

80 min to complete. A schematic diagram of the procedure for this experiment is 

provided here in Figure 3.2 
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Figure 3.2. A schematic diagram of the procedure. In this experiment, the 

experimental manipulation came into effect during the equipment set-up and during 

the tDCS administration. Specifically, participants either had the cathode placed over 

the contralateral orbit or the inion during the set-up. Then, the participants received 

either atDCS (anodal tDCS) or stDCS (sham tDCS), delivered offline, for 20 min. 

Following the tDCS session, the EEG system was connected and prepared for 

recording (we allowed 5 min for this transition, aided by the simple EEG recording 

limited to necessary sites). Finally, all participants completed the parametric N-back 

task with EEG recording as the outcome measurement.  

 

Electrophysiological Acquisition 

  The electrophysiological acquisition presented here is identical to the 

procedure outlined in detail in Chapter 2, section 2.9.  

 

EEG Analysis 

  The EEG pre-processing and component identification processes are identical 

to those presented in Chapter 2. Briefly, EEG signals were extracted offline and 

segmented into stimulus-locked epochs of 200 ms pre-stimulus onset to 1000 ms 

post-stimulus onset. The individual averaged waveforms were baseline-corrected 
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around the pre-stimulus interval, as recommended by Luck (2014), for target trials 

only (Segalowitz et al., 2001). Target trials were of interest, given the P2 and P3 

components occur in the context of task-relevant information processing. Epochs 

containing artefacts ± 150 µV were excluded from individual averages. Exclusion of 

a trial eliminated values for all three midline sites, so missing trials could not 

influence topography. There were 36 target trials presented at each level of load (1-

back, 2-back, 3-back). The mean number of target trials retained per participant after 

artefact rejection was 35 (SD = 0.54). No participant had fewer than 15 targets, the 

recommended minimum for P2 and P3 component analysis (Friedman & Johnson, 

2000).  

  Mean amplitude was used to measure the P3 and P2 components and peak 

latency was used for measuring their timing. The temporal windows for each 

component were guided by visual inspection of the positive deflections and were 

informed by previous research, as recommended by Luck (2014). The P2 component 

was calculated as the average of neural activity within the window of 120ms and 

260ms. The P3 component was calculated as the average of neural activity within the 

window of 270ms and 450ms. These temporal windows closely resemble those 

reported in a previous study that also featured the combination of tDCS and ERP 

methods in response to the N-back task (Keeser, Padberg, et al., 2011). Peak latency 

for the P2 and the P3 component was identified as the time-point at which the 

amplitude was most positive in the individual waveform, within the same time 

windows used to calculate mean amplitude. 

 

Statistical Analysis 
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  The statistical analysis here is similar to the process described in Chapter 2, 

with the exception of the mixed ANOVAs presented here. Mean response accuracy 

was calculated as a percentage of correct responses to target stimuli and withholding 

response to non-target stimuli, and mean reaction time for was calculated on all 

responses to target trials. Mixed 3 x 3 ANOVAs (load by site), with contrasts for 

main effects of site, were conducted to identify the site to measure the ERP 

component in subsequent analyses. Mixed ANOVAs, with 3 levels of N-back load as 

the single factor, were used to investigate the influence of the experimental 

manipulations on ERP and behavioural dependent variables, which were entered as 

the between-subject factors. These ANOVAs for ERP effects measured each 

component at one midline site. Greenhouse-Geisser corrections were used for all 

relevant analyses in which Mauchly’s test of sphericity indicated that the sphericity 

assumption was violated. Significant interactions were decomposed with Bonferroni-

corrected pairwise comparisons. Partial eta-squared was used as the effect size 

measure for the ANOVAs and Cohen’s D was used for mean differences. 

3.2 Results 

Behavioural Results 

  Two 3 x 2  x 2 ANOVA (load x tDCS condition x cathode site) were 

conducted for each of the two behavioural dependent variables, response accuracy 

and reaction time. Behavioural responses were characteristic of a parametric N-back 

task (see Table 1; Gevins & Cutillo, 1993). Within-subjects response accuracy 

decreased, and response time slowed with increasing load, F (2, 96) = 209.8, p <. 

001 ηp2  =.814; linear, linear, F (1,48) = 343.6, p <. 001 ηp2  =.88, F (1.76, 96) = 

67.78, p < .001, ηp2  =.585; linear, F (1,48) = 83.8, p <. 001 ηp2  =.64. Specifically, 
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participants were less accurate as WM load increased from 1-back to 2-back, t (53) = 

9.63, p < .001 d = .-1.69, and from 2-back to 3-back t (53) = 11.82, p < .001, d =-

1.69. Participant reaction time was slower as WM load increased from 1-back to 2-

back, t (53) = 11.82, p < .001, d =1.53, though did not significantly reduce at 3-back, 

t (53) = -.5, p =.58, d = 0.8.  

  There was no interaction of tDCS and increasing load on response accuracy, 

F (2,96) = 2.54, p = 0.08, ηp2  =.05;  nor was there an interaction of cathode location 

and increasing load  on response accuracy, F (2,96) = .21, p = .83 ηp2  =.01. There 

was no 3 -way interaction between tDCS and cathode site, and increasing load on 

response accuracy, F (1, 48) = .49, p = .61, ηp2  = .01. There were no between-

subjects differences in response accuracy secondary to tDCS, F (1, 48) = 1.35, p = 

.25, ηp2  =.05, cathode location, F (1, 48) = 2.72, p = .25, ηp2  =.03, or an interaction 

between tDCS and cathode location, F (1, 48) = .07, p = .79. ηp2  =.01. 
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Table 3.1 Post-stimulation mean (standard deviation) response accuracy (% correct responses) and reaction time (ms) by level of N-back load, in 

the overall sample and per condition.  

  Overall atDCS/CL stDCS/CL atDCS/Inion stDCS/Inion 
N  52 13 13 13 13 
Response Accuracy 1b 94.92(7.3) 94.87(5.3) 92.31(11.23) 95.94(4.48) 96.58(6.53) 

2b 76.82(13.41) 71.79(11.78) 76.28(12.48) 79.91(13.82) 79.27(15.28) 
3b 51.34(16.8) 44.23(19.16) 50(14.65) 53.85(13.49) 57.27(18.31) 

Reaction Time 1b 547(91) 567(131) 555(85) 556(75) 512(58) 
2b 703(114) 728(118) 700(125) 561(130) 701(85) 
3b 712(154) 706(199) 741(116) 693(139) 

 
701(162) 

 
N = sample size, atDCS = anodal tDCS, stDCS = sham tDCS, CL = contralateral cathode location, Inion = Inion cathode location, 1b = 1 back; 
2b = 2 back; 3b = 3back. 
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Event-Related Potential Results 

   To identify the maximal distribution of each ERP component for subsequent 

analysis, two 3 x 3 ANOVA (load by site) were conducted for each of the two 

amplitude dependent variables, the P2 amplitude and P3b amplitude, at midline sites 

(Fz, Cz, Pz). There was a main effect of site on P2 component mean amplitude, F (2, 

96) = 12.53 , p  < .001, !!" = .21, and numerically the voltage of the P2 component 

was larger at Cz (m= 4.4, SD = 2.93) and Pz (m = 4.03, SD =  2.71), relative to Fz 

(m = 3.20, SD =  2.88). Given past literature typically investigates P2 in a central or 

frontocentral distribution, P2 mean amplitude was measured at Cz here. There was a 

main effect of site on P3b component amplitude, F(2, 96) = 44.12, p <.001, !!" = 46.  

The P3b component was larger at Pz (m = 6.7, SD = 3.6), relative to Fz (m = 2.74, 

SD = 3.9) and Cz (m = 6.25, SD = 4.01). A parietal distribution is consistent with 

expectations for P3b, therefore P3b was measured at Pz. The grand average 

waveforms across the midline sites are presented in Figure 3.2. The distribution of 

components across the midline sites is also presented in bar graphs in Figure 3.3. 

Table 3.2 presents descriptive statistics for the P2 and P3 components. Grand 

average waveforms and bar graphs representing the P2 and P3 components by 

experimental condition are presented in Appendix A.
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Figure 3.3 Grand average waveform at midline sites, for each N-back load condition. 

Consistent with expectations, the P2 mean amplitude (120ms - 260ms) was maximal 

at Cz and the P3 mean amplitude (270 – 450ms) was maximal at Pz (N = 52). 

 

 

P2 

P3 
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Figure 3.4. The P2 component mean amplitude (left) and the P3b component mean 

amplitude (right) measured within the time windows of 120 ms – 250 ms and 270 ms 

– 470 ms, based on Keeser et al., (2011). Mean amplitude in voltage is presented on 

the y axis and the midline sites are presented on the x axis. Error bars represent 

standard error of the mean.
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Table 3.2. Mean and standard deviation values for individual averaged mean 

amplitude and peak latency of the P2 and P3b components, expressed as, mean 

(standard deviation). Values are provided for the parametric N-back task overall and 

by level of N-back load. Mean amplitude is measured in voltage and peak latency is 

measured in milliseconds. 

 

ERP 
Component 

Site Overall 1 back 2 back 3 back 

P2 Mean 
Amplitude 

Fz 3.31(2.89) 2.99(2.92) 3.4(2.72) 3.23(3.05) 
Cz 4.4(2.89) 4.23(2.98) 4.61(2.81) 4.36(2.88) 
Pz 4.03(2.70) 3.97(2.98) 4.07 2.47) 4.05(2.68) 

P2 Peak 
Latency 

Fz 190(40) 191(44) 188(39) 193(36) 
Cz 197(48) 198(51) 195(47) 197(48) 
Pz 359(48) 370(48) 358(47) 359(48) 

P3 Mean 
Amplitude 

Fz 2.75 (3.9) 2.80(4.11) 3.55 (3.62) 1.89 (3.97) 
Cz 6.25 (4.01) 7.32 (4.48) 6.48 (3.62) 5.40 (3.73) 
Pz 6.70 (3.60) 7.51 9 (3.87) 6.43 (2.94) 6.14 (3.99) 

P3 Peak 
Latency 

Fz 356 (60) 370(65) 363(59) 333(56) 
Cz 356(55) 370(56) 359(55) 340(55) 
Pz 359(48) 370 (48) 358 (47) 349(49) 
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P2 component 

  Two 3 x 2 x 2 (load x tDCS condition x cathode site) mixed ANOVAs were 

conducted for both P2 amplitude and latency at Cz. The responses were 

characteristic of a parametric N-back task. At the within-subjects level, there was no 

effect of load on P2 mean amplitude, F (1.78, 96) = .624, p = .52,	!!" = .62, 

consistent with expectations. Equally, there was no interaction of increasing load and 

tDCS, F (1.78, 96) = .35, p = .71, !!" = .01. or cathode location, F (1.78, 96) = 2.22, 

p = .12, !!" = .04, on P2 mean amplitude. At a between-subjects level, there was no 

evidence that P2 mean amplitude differed as a function of tDCS, F (1,48) = .03, p = 

0.86, !!" = .01, or cathode location, F (1, 48) = .15, p = .70, !!" = .01 or an interaction 

between tDCS and cathode site, F (1, 48) = .99, p = .32, !!" = .02. There was no 

effect of load on P2 peak latency, F (2, 96) = .94, p = .4,	!!" = .02, consistent with 

expectations. There was also no interaction of increasing load and tDCS, F (2, 96) = 

.57, p = .57, !!" = .01. or cathode location, F (2 96) = 2.8, p = .07, !!" = .05, on P2 

peak latency. At a between-subjects level, there was no evidence that P2 peak 

latency differed as a function of tDCS, F (1,48) = .91, p = .35, !!" = .02, or cathode 

location, F (1, 48) = .03, p = .87, !!" = .01 or an interaction between tDCS and 

cathode site, F (1, 48) = 1.75, p = .19, !!" = .04. Figure 3.5 presents bar graphs for 

the effect increasing load on P2 mean amplitude and peak latency.



 

 80 

 

Figure 3.5 The P2 component, measured at Cz, within the time window of 120 ms – 

270 ms. Mean amplitude is measured in voltage (y axis) load and experimental 

condition are presented in the top graph and peak latency in milliseconds (y axis) by 

N-back load is presented on the bottom graph. Error bars represent standard error of 

the mean.
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P3b component 

  Two 3 x 2 x 2 (load x tDCS condition x cathode site) mixed ANOVA was 

conducted for both P3b amplitude and latency at Pz. The responses were generally 

consistent with expectations for a parametric N-back task. Specifically, there was a 

main effect of increasing load on P3b mean amplitude, F (1.68, 96) = 4.35, p = .02, 

!!" = .08, linear, F (1,48) = 5.46, p = .024, !!" = .1, whereby the amplitude of P3b 

was reduced at 2-back relative to 1-back, t (53) = 2.52, p = .05, d = -.32. There was 

no significant reduction in P3 mean amplitude between 2-back and 3-back. Not 

typical of load effects on the N-back task, the attenuation in P3b mean amplitude 

occurred in the context of a shift in P3b peak latency with increasing load, F (2, 96) 

= 4.15, p = .02, !!" = .08; linear, F (1,48) = 9.26, p = .004, !!" = .16, however this 

shift only occurred when the 1-back condition was compared to the 3-back condition, 

t (53) = 3.04, p = .01, d = -.43. There was no interaction of tDCS and increasing load 

on P3b mean amplitude, F (2, 96) = .69, p = .51, !!" = .01, nor cathode site and 

increasing load,  F (2, 96) = .74, p = .48, !!" = .02. There was no 3-way interaction 

between tDCS and cathode site and increasing load on P3b peak latency F (2, 96) = 

.183, p = .84, !!" = .01.  Figure 3.6 presents a bar graph (mean with SEM error bars) 

to demonstrate the effect of cathode location and tDCS on P3b mean amplitude at 

each level of N-back load. 
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Figure 3.6 The P3 component, measured at Pz, within the time window of 270 ms – 

450 ms. Mean amplitude in voltage (y axis) by N-back load and experimental 

condition are presented in the top graph and peak latency in milliseconds (y axis) by 

N-back load is presented on the bottom graph. Error bars represent standard error of 

the mean. 

 

 

At the between-subjects level, there was a significant main effect of tDCS, F 

(1, 48) = .4.83, p = .03, !!" = .09, and cathode, F (1, 48) = 6.98, p = .01,  !!" = .13, on 

P3b mean amplitude, whereby P3b mean amplitude was larger following sham tDCS 
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, t (53) = -2.64, p = .01, d = .57, and following the left DLPFC/cathode inion 

montage, t (53) = 2.72, p = .03, d = .69. Critically, there was no evidence of an 

interaction between cathode location and tDCS, F (1, 48) = 3, p = .09, !!" = .06. 

These between-subjects effects of tDCS and cathode location on P3b mean 

amplitude are presented in Figure 3.7. 

 

 

Figure 3.7 The P3 component, measured at Pz, within the time window of 

270 ms – 450 ms. Mean amplitude in voltage is presented on the y axis. 

Experimental conditions are presented on the x axis, collapsed across N-back load, to 

graphically depict the effect of tDCS and cathode location on P3b mean amplitude 

detected at the between-subjects level. Error bars represent standard error of the 

mean.



 

 84 

Post-hoc power analyses 

  Power analyses were conducted with G*Power 3 (Faul, Erdfelder, Lang, & 

Buchner, 2007), based on partial eta-squared statistics from the reported effects of 

tDCS and task type on the behavioural and ERP dependent variables. These analyses 

identified that some of the reported effects on ERP components were underpowered. 

Specifically, the analysis indicated that a sample of 58, with an alpha level of 0.05 

and power (1- b) of 0.8, would be required to determine whether the effects of 

increasing load on P3b mean amplitude and peak latency would be maintained in a 

larger sample. Using the same alpha and power levels, the analyses also indicated 

that a sample size of 42 would be required to determine whether the effect of 

increasing load on P3b mean amplitude would maintain in a larger sample. Similarly, 

a sample of 84 would be required to determine whether the between-subjects effects 

of cathode location and tDCS on P3b mean amplitude would both be maintained in a 

larger sample. The implications of small sample size and statistical power on the 

reported findings in this section are considered in the discussion. 

 

3.3 Discussion 
  The current study investigated the potential masking effects of an anterior 

cathode location, characteristic of an anodal tDCS montage for WM, by comparing 

the contralateral cathode site with the inion cathode site in an offline tDCS protocol. 

Considering the evidence linking DLPFC to WM, particularly bilaterally with 

increasing WM load, it was hypothesised that the anterior cathode location may 

mask the beneficial effect of tDCS under high load conditions. Importantly, the 

pattern of ERP and behavioural responding to increasing load on the N-back task 

were consistent with expectations (Keeser, Padberg, et al., 2011; Segalowitz et al., 
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2001). There was no evidence of a masking effect of cathode location on WM 

performance (behavioural responding). There was an effect of tDCS and of cathode 

location on WM processing (P3b mean amplitude), though these effects were only 

partially consistent with expectations of a masking hypothesis, which will be 

explained carefully in this discussion. Further, post-hoc power analyses identified 

that these effects were underpowered. Therefore the electrophysiological results will 

be considered cautiously here, given a sample larger than what was feasible for this 

study is required (n=84; Faul et al., 2007).  

  Empirical evidence and theoretical reasoning led to our proposal of a 

masking hypothesis for this study, that inhibitory stimulation, delivered through the 

cathode, may be suboptimal for facilitating WM processing when the cathode is 

proximal to the frontal lobe. Specific to this hypothesis, we observed a potential, 

albeit underpowered, masking effect of cathode location on WM processing and not 

on WM performance in this study. This finding is partially consistent with the 

cognitive and functional neuroimaging literature that highlights the increased 

demand for executive functions, and in turn, the bilateral recruitment of frontal lobes, 

to sustain the WM system under high load conditions (Braver et al., 1997; Callicott 

et al., 1999; Chatham et al., 2011; Mark D’Esposito, 2007). Consistent with 

expectations of our masking hypothesis, the pattern evident in Figure 3.7 

demonstrates that P3b amplitude was larger in the group who received tDCS 

delivered with cathode at the inion site, where the negative charge from the cathode 

is far removed from the frontal lobe. In the literature, larger P3b amplitudes tend to 

co-occur with more accurate behavioural responding, and theoretically the P3b 

amplitude can be a marker of processing efficiency (Polich, 2007; Saliasi, Geerligs, 

Lorist, & Maurits, 2013). Inconsistent with expectations of our masking hypothesis, 
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the effect of cathode location on P3b mean amplitude, in favour of the inion cathode 

location, did not interact with increasing load. This result does not agree with the 

hypothesis we developed based on our literature review, demonstrating that bilateral 

involvement of the frontal lobes develops under high load conditions (Braver et al., 

1997; Callicott et al., 1999; Chatham et al., 2011; Mark D’Esposito, 2007). However, 

the effect of cathode location on P3b mean amplitude needs to be considered in the 

context of the tDCS effect on P3b mean amplitude. Detracting from the view that we 

found evidence to support the masking hypothesis in this study, the between-subjects 

effect of tDCS (also depicted in Figure 3.7) highlights that P3b mean amplitude was 

larger in those who received sham tDCS relative to anodal tDCS. Taken together, the 

effects of both cathode location and tDCS on P3b mean amplitude neither confirm 

nor exclude the masking hypothesis, which highlights a need to consider 

methodological factors.  

  Power issues and study design limitations impacted our capacity to interpret 

the effects of cathode location and tDCS on electrophysiological markers of WM 

processing, therefore we could not adequately investigate the masking hypothesis in 

this study. In the absence of a baseline measure of WM processing, it was unclear 

whether the marginal effect of tDCS on P3 amplitude was due to the tDCS 

experimental manipulation, or baseline group differences in working memory 

capacity (Unsworth & Engle, 2007). This, along with issues of sample size and low 

statistical power, are considerable limitations of our between-subjects study design. 

However, there were several considerable limitations associated with alternative 

designs, particularly a counterbalanced, entirely within-subjects design. As outlined 

in chapter 2 (section 2.6), a counterbalanced and entirely within-subject design could 

introduce practice effects and non-linear interactions between experimental 
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manipulations and practice, as well as context effects (Greenwald, 1976; O’Connell 

et al., 2012), which are all important considerations for research in WM and tDCS. 

Specific to our study design, the N-back task is vulnerable to practice effects over 

time (Li et al., 2008), which would be difficult to disentangle from the tDCS 

experimental manipulations. Additionally, context effects have been documented in 

tDCS experiments, where the active and sham blinding was reportedly ineffective in 

protocols using 2mA. This research identified that participants exposed to both types 

of tDCS stimulation, as occurs in counterbalanced study designs, could accurately 

distinguish  active from sham tDCS (O’Connell et al., 2012; Wallace et al., 2016). 

On balance, the limitations of an albeit more statically robust within-subjects design 

would ultimately preclude thorough investigation in this research program of 

whether WM load contributes to the development of tDCS effects on WM. 

Therefore, it was important for the next chapter, and equally for future research 

interested in similar questions, to retain the between-subjects design and consider 

options for mitigating the impact of the statistical power, sample size and 

interpretation issues we encountered here. For example, the addition of a baseline 

measure of working memory capacity (WMC) could determine that this variable is 

evenly distributed between groups pre-tDCS, and any systematic group-level 

differences post-tDCS could then be attributed to the experimental manipulation.  

  We proposed here that an anterior cathode location may mask beneficial 

tDCS effects given the evidence that WM requires executive contributions and 

bilateral frontal involvement to respond to high WM load. The lack of overall tDCS 

effects in this study may be related to the offline delivery of tDCS. Whilst offline 

tDCS protocols have been recommended for healthy adults (Hill et al., 2016), offline 

protocols do not target the neural population engaged in task-relevant processing. 
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The activity-selectivity principle suggests that tDCS may preferentially modulate 

neural networks engaged in task-relevant processing (Bikson & Rahman, 2013). 

From this perspective, a masking effect of cathode location could potentially develop 

if tDCS were delivered in the context of concurrent engagement in a WM task, 

particularly under high load conditions, where there is a greater demand on the 

executive WM processes that require bilateral involvement (Callicott et al., 1999). 

Additionally, given individual differences in WMC influence the degree of executive 

contributions required to sustain the WM system, it may be important to tailor WM 

load to each individual’s WMC. This could be achieved using an adaptive N-back 

task as opposed to a static high load (3-back) task. Considering these potential 

differences between offline and online delivery of tDCS, it may be valuable to 

investigate the functional implications of the anterior cathode location in an online 

tDCS protocol in order to carefully explore potential masking effects.  

In addition to tDCS mode of delivery, stimulation intensity is another protocol factor 

that could have contributed to the lack of tDCS effects observed here. Stimulation 

intensity varies in the literature, though beneficial effects of tDCS on WM response 

accuracy have occurred both in the context of 1mA stimulation intensity (Fregni, 

Boggio, Nitsche, et al., 2005; Ruf, Fallgatter, & Plewnia, 2017; Talsma, Kroese, & 

Slagter, 2016) and 2mA (Gill et al., 2015; Keeser, Padberg, et al., 2011; Ohn et al., 

2008; Zaehle et al., 2011). The 2mA stimulation intensity was chosen for this study 

in light of evidence from a meta-analysis of higher stimulation intensities leading to 

greater effects in healthy adults (Dedoncker et al., 2016). However, there is also 

some suggestion in the literature that 1mA may be beneficial compared to 2mA. 

Notably, these studies reported beneficial effects of 1mA tDCS on reaction time, 

rather than response accuracy, which does not necessarily indicate a performance 
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improvement (Hoy et al., 2013; Teo et al., 2011). More recently, the effect of 1mA 

atDCS was compared with the effect of 2mA atDCS and sham tDCS on P3b 

amplitude elicited in response to the N-back task (Nikolin et al., 2018). In this study, 

an effect of all 3 tDCS conditions was present on the P3b component amplitude, 

though there was no effect of tDCS on behavioural responding (Nikolin et al., 2018). 

Despite the largest effect size in terms of effect on the P3b amplitude occurring in 

the 1 mA condition in their study, Nikolin and colleagues (2018) also used 16 cm2 

electrodes; effectively increasing the current density of their tDCS dose and reducing 

the difference between their recommended dose (1 mA) and what was delivered here 

(2 mA with 24 cm2 electrodes). Considering these inconsistencies in the literature, it 

seems that stimulation intensity probably had a negligible contribution to the lack of 

cathode location effects on this occasion.  

  In this experiment we observed potential masking effects of an anterior 

cathode location on tDCS on WM processing, though not on WM performance. 

However, this finding occurred in the context of some methodological limitations. 

The question of cathode location and potential masking effects may benefit from 

further exploration, particularly in the context of online administration of tDCS. 

However, the specific effect of tDCS on select ERP components during the N-back 

task is of interest for further investigation in subsequent chapters of this thesis, as 

there is no existing literature related to understanding how tDCS affects WM at a 

sub-process level using the ERP technique. Firstly, it will be important for 

subsequent chapters to investigate whether tDCS has a similar or different effect on 

ERP correlates of WM processing, in the context of an online tDCS protocol. 

Additionally, delivering tDCS concurrently with a tailored high WM load task is 

likely to ensure that the task-relevant neural network is engaged during stimulation. 
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Finally, it will be important for subsequent chapters to include a measure of baseline 

WM capacity to determine that any post-tDCS effects can be attributed to the 

experimental manipulation, rather than to individual differences in WM capacity at 

baseline.
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Chapter 4: The Impact of Frontal 
tDCS on Working 
Memory as Assessed 
with Event-Related 
Potentials 
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Introduction 
Working memory (WM) is a multi-component system for the temporary 

maintenance and manipulation of information (Baddeley, & Hitch, 1974; Baddeley, 

2003; Miyake et al., 2000). Contemporary models of WM emphasise the contribution 

of executive functions to the sustainability of the overall WM system (Miyake, 

1999). These executive processes maintain the goal-orientation for ongoing cognition 

and critically, they are engaged to a greater extent to manage large amounts of 

information when WM load is high (Oberauer, 2009).Though it is well understood 

that task demands influence how information is processed in WM, it is less 

understood how tDCS interacts with WM processing under low, relative to high, 

WM load.   

  Given that executive contributions to WM processing are tied to task 

demands (Miyake & Shah, 1999) and to individual differences in WM capacity 

(Unsworth & Engle, 2007), these factors may also influence the effects of tDCS on 

the WM system (Mancuso et al., 2016). Gill and colleagues (2015) found a selective 

effect of atDCS paired with a fixed high-load WM task, compared to a low-load WM 

task. A similar mediating influence of task difficulty in response to tDCS was 

observed by Jones and colleagues (2012), where task difficulty moderated response 

to tDCS as a function of WMC at baseline (indexed by Digit Span scores). These 

findings highlight that task difficulty during stimulation may mediate tDCS-

response. Adaptive intra-stimulation WM tasks, where task difficulty can be 

manipulated during the tDCS session based on individual performance, may be 

preferable to a fixed high-load task to accommodate variance in WMC at baseline.  

  In addition to an emphasis on the relationship between WM load, WMC and 

executive functions, contemporary cognitive models of WM also emphasise that 
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multiple executive sub-processes contribute to sustaining the WM system. At 

present, there is no literature investigating whether these executive sub-processes are 

more-or-less responsive to tDCS. Whilst under-investigated, beneficial effects of 

tDCS have been reported on WM outcome measures that load more heavily on 

attention processes, such as pre-post tDCS improvement on Digit Span Forward and 

not on Digit Span Backward,  or in terms of pre-post tDCS improvement on the 

Sternberg task (Andrews et al., 2011; Mulquiney et al., 2011). Further, Gladwin and 

colleagues (2012) observed a selective effect of tDCS on attention processes on a 

dual-working memory task. It was unclear in their experiment whether this selective 

tDCS effect was due to an increased demand on the focus of attention and inhibition 

(Gladwin, den Uyl, Fregni, & Wiers, 2012), or increased task demands in general 

(Gill et al., 2015). A methodology sensitive to distinguishing WM sub-processes 

from general task demands is required to further our understanding of how tDCS 

affects WM sub-processes. 

   Combined tDCS and electrophysiological methods may identify how task 

difficulty and individual differences in WMC influence response to tDCS, and which 

sub-processes of WM are specifically being modulated by tDCS. The task-relevant 

P2 and P3b components, elicited in response to the N-back task, distinguish two 

separable executive sub-processes contributing to WM, attentional control and 

working memory updating (Crowley & Colrain, 2014; Polich 2007).  Moreover, the 

amplitudes of these components have been shown to correlate with WM performance 

(Vilà-Balló et al., 2018). In a cohort of older adults, poor-performers on a 2-back 

WM task were characterised by an enhanced fronto-central P2 amplitude, and 

reduced parietal P3b amplitude (Lubitz et al., 2017). These findings are consistent 

with previous observations of poor WM performance paired with an enhanced P2 
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and reduced P3b amplitude (Daffner et al., 2011; Gajewski & Falkenstein, 2014). 

This pattern suggests that it becomes increasingly difficult to classify targets 

(enhanced P2) and to update the contents of WM (reduced P3b) as WM load 

increases (Segalowitz et al., 2001). This electrophysiological pattern due to 

increasing load could help to discriminate the impact of tDCS on WM sub-processes 

under varying levels of WM load. 

  In study 1 (chapter 3), a group level difference was present, following anodal 

(atDCS) compared to sham tDCS (stDCS) on P3b mean amplitude. This difference 

was not present on P2 mean amplitude. However, it was difficult to attribute this 

post-tDCS difference in P3b amplitude to the experimental manipulation, particularly 

given that the direction of the difference suggested that WM updating was more 

efficient following stDCS. Rather than attributing this difference in WM updating 

efficiency to a detrimental effect of atDCS on WM processing, particularly given 

there was no overall effect of tDCS on behavioural responding, it was proposed that 

this group difference likely indicated baseline group differences in WMC (McEvoy 

et al., 1998). In light of this result, it was important to include a measure of WMC 

here to ensure that WM ability was evenly distributed between groups at baseline. A 

shift to online delivery of tDCS was also highlighted in study 1, in order to engage 

the task-relevant neural network subserving WM processing during tDCS. Finally, 

two different N-back tasks were introduced here in study 2: an adaptive high WM 

load task and a static low load task, delivered concurrently with tDCS. This 

experimental manipulation was intended to differentially engage the executive sub-

processes of WM. Therefore, study 2 builds on from study 1 by investigating 

whether task difficulty, therefore increased executive contributions to WM 

processing, influences tDCS effects and whether two different executive sub-
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processes of WM, represented by the P2 and P3b components, are more-or-less 

responsive to tDCS. 

 The current study aimed to investigate whether task difficulty, matched to 

each individual’s WMC, influences the effect of tDCS on WM processing (ERPs) 

and performance (behavioural responding). Additionally, this study aimed to 

investigate whether some executive sub-processes of WM are more responsive to 

tDCS than others. Given the evidence that both high load and individual differences 

in WMC may mediate response to tDCS, a widely used measure of WMC (the Digit 

Span Backwards task; Lumley & Calhoun, 1934) was administered at baseline and 

we employed an adaptive N-back task. Response to tDCS and the adaptive N-back 

task were evaluated with a post-stimulation parametric N-back task and concurrent 

EEG recording, following four experimental conditions: an adaptive N-back task 

paired with atDCS or stDCS, and a static (1-back) N-back task paired with atDCS or 

stDCS. We expected that atDCS would improve behavioural responding to the N-

back task, but more so for those completing the adaptive version of the task, relative 

to a cohort who complete a static low load comparison version of the task. In terms 

of electrophysiological markers, we expected that a benefit of pairing atDCS with the 

adaptive N-back task would also be indexed by a reduced fronto-central P2 paired 

with an enhanced parietal P3b amplitude with increasing load. This 

electrophysiological pattern of reduced frontocentral P2 amplitude and enhanced 

parietal P3 are both associated with response accuracy. Finally, it was hypothesised 

that an effect of tDCS on one, but not both ERP components of interest (P2 or P3b) 

would indicate that atDCS selectively modulated one of two possible sub-processes 

of working memory (attentional control or WM).
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4.1 Methods 
Participants 

  40 (15 male, 35 right-handed) adults aged between 17 and 34 (M = 20.21, SD 

= 0.49) participated in the study. This size of this sample is consistent with previous 

research (Keeser, Padberg, et al., 2011; Watter et al., 2001). Practical limitations of 

the PhD programme precluded us from directly addressing the issue sample size 

raised in Chapter 3, by recruiting a larger sample to this study. Instead, we modified 

the study design of this study with the aim of mitigating the interpretation challenges 

of Chapter 3. The sample consisted of undergraduate students recruited from the 

School of Psychological Science at the University of Western Australia, who 

participated in return for course credit. Participants provided informed written 

consent prior to participation and the protocol was approved by the human research 

ethics committee at the University of Western Australia (RA/4/1/7951). Due to 

technical difficulties with the EEG recording, one participant’s data was not viable, 

therefore analyses were conducted on a sample of 39. All participants were randomly 

allocated to either the atDCS or stDCS condition after they completed a baseline task 

to estimate their working memory capacity. 

 

Baseline Working Memory Capacity – Digit Span  

  A Digit Span task was administered pre-stimulation to estimate baseline 

WMC (Lumley & Calhoun, 1934).  In this task, the examiner verbally presents a 

series of digits at a rate of one per second. There were two tasks, a Digits Forward 

and a Digits Backward task. In both tasks, the length of the digit sequence increases 

in a stepwise pattern with two sequences presented at each sequence length. The 

forward task (DSF) requires the participant to repeat the digit sequence verbatim. 
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The backward task (DSB) requires the participant to repeat the digit sequence in 

reverse order. The task is discontinued when the participant consecutively fails two 

trials of the same digit span length. The reliable index refers to the longest sequence 

length where the participant repeated both trials of the same length correctly. We 

used the Digit Span Backwards reliable Index (DSBr) to estimate WMC at baseline. 

 

N-back Tasks During tDCS 

  The tDCS protocol used here was described in detail in chapter 2 (section 

2.5) and chapter 3 (section 3.1), with two exceptions. Firstly, in this experiment the 

cathode was located at the contralateral orbit (as described with reference to relevant 

literature in section 2.5; Keeser, Padberg, et al., 2011; Poreisz et al., 2007; Teo et al., 

2011), as there was insufficient evidence arising from the cathode manipulation in 

chapter 3 to warrant an alternative electrode montage going forward in the research 

program. Secondly, stimulation was delivered concurrently with either adaptive or 

static load N-back task. tDCS was delivered through saline-soaked sponge electrodes 

(4 x 6 cm) at a constant current of 2 mA. The anode was placed over the left DLPFC 

and the cathode over the contralateral orbit. The current was set to linearly ramp up 

or down over 30-second intervals, with full stimulation applied for 20 minutes. 

stDCS was delivered only for the 30-second ramping current up to 2 mA, which was 

then switched off for the remaining 20 minutes (Dedoncker et al., 2016; Keeser, 

Meindl, et al., 2011; Nikolin et al., 2018; Poreisz et al., 2007). 

  The two versions of the N-back task, administered concurrently with tDCS, 

share similar characteristics to the parametric N-back task described in detail in 

chapter 2, with the exception of the following variations to the presentation of WM 

load. The adaptive N-back task featured a staircase based on the percentage of 

correct responses during each block, to adjust the level of N-back according to task 
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performance. One block of 1-back was presented initially, and all following blocks 

were presented based on participants’ performance on the previous block. Following 

a block containing fewer than 3 errors, the level of N increased by an integer, to a 

maximum of 4-back. Following a block of 5 or more errors, the level of N reduced 

by 1 integer. Otherwise, the following block maintained the level of N. This staircase 

was designed to ensure participants are performing at their maximum capacity. The 

static-load version of the N-back task consisted of a fixed level of static-load (1-

back), irrespective of performance. A schematic diagram to summarise these changes 

is provided here in Figure 4.1 

 

 

Figure 4.1 A schematic diagram of the procedure. In this experiment, the 

experimental manipulation came into effect during the tDCS administration. 

Specifically, participants completed the tDCS session online, whilst completing 

either the adaptive or the static (low load) version of the n-back task. Additionally, 

participants received either atDCS (anodal tDCS) or stDCS (sham tDCS) in this 

online protocol, for 20 minutes. Following the tDCS session, the EEG system was 

connected and prepared for recording (we allowed 5 min for this transition, aided by 

the simple EEG recording limited to necessary sites). Finally, all participants 

completed the parametric N-back task with EEG recording as the outcome 

measurement. 
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  The parametric N-back task used here is identical to the version described in 

detail in Chapter 2. Parametric verbal N-back tasks required participants to press ‘a’ 

if they identified a target item, defined as a trial where the current item presented in 

the field matched an item presented ‘N’ items ago, and withhold their response to 

non-targets. The level of ‘N’ systematically increased from 1-back, 2-back to 3-back 

over 9 blocks, with 3 blocks per level of ‘N’. This N-back sequence is presented 

twice to collect enough acceptable trials for ERP analyses. Each participant was 

exposed to 36 targets at each level of load, allowing for an acceptable amount of 

trials (15-30) for ERP analysis, even if some target trial data is lost during EEG pre-

processing. Participants were exposed to 1 block at each level of load for practice. 

This N-back task was presented with Inquisit, Millisecond software (Jaeggi et al., 

2010), and is similar to the parametric N-back task originally developed by Gevins 

and Cutillo (1993). The stimulus presentation rate was based on previous working 

memory research using ERPs (Segalowitz, 2001).  

 

Procedure 

  Each participant completed baseline measures of immediate attention and 

working memory span prior to stimulation. Participants were randomly allocated to 1 

of 4 conditions: atDCS with adaptive N-back, atDCS with static N-back, stDCS with 

adaptive N-back and stDCS with static N-back. Following a practice block, 

participants completed the task concurrently with 20 minutes of tDCS. All 

participants then completed a parametric N-back task, concurrent with the EEG 

recording. This procedure took 90 min to complete, inclusive of EEG set-up, 

baseline WMC measurement, tDCS session and post-tDCS EEG recording with the 

parametric N-back task. 
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Electrophysiological Acquisition 

The electrophysiological acquisition presented here is identical to the 

procedure outlined in detail in Chapter 2, Section 2.9.  

 

EEG Analysis 

  The EEG pre-processing and component identification processes are identical 

to those presented in Chapter 2. Briefly, EEG signals were extracted offline and 

segmented into stimulus-locked epochs of 200 ms pre-stimulus onset to 1000 ms 

post-stimulus onset. The individual averaged waveforms were baseline-corrected 

around the pre-stimulus interval, as recommended by Luck (2014), for target trials 

only (S. Segalowitz et al., 2001). Target trials were of interest given the P2 and P3b 

components occur in the context of task-relevant information processing. Epochs 

containing artefacts ± 150 µV were excluded from individual averages. Exclusion of 

a trial eliminated values for all three midline sites, so removed trials could not 

influence topography. There were 36 target trials presented at each level of load (1-

back, 2-back, 3-back). The mean number of target trials retained per participant after 

artefact rejection was 35 (SD = 0.23), above the recommended minimum for P2 and 

P3b component analysis (Friedman & Johnson, 2000).  

  Mean amplitude was used to measure the P3b and P2 components and peak 

latency was used for measuring their timing. The temporal windows for each 

component were guided by visual inspection of the positive deflections and were 

informed by previous research, as recommended by Luck (2014). The P2 component 

was calculated as the average of neural activity within the window of 120ms and 

260ms. The P3b component was calculated as the average of neural activity within 

the window of 270ms and 450ms. These temporal windows closely resemble those 
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reported in a previous study that also featured the combination of tDCS and ERPs 

methods in response to the N-back task (Keeser, Padberg, et al., 2011). 

 

Statistical Analysis 

  The statistical analysis here is similar to the process described in Chapter 3, 

with the addition of an ANOVA to assess the equal distribution of WMC at baseline, 

estimated with Digit Span Backwards. Mean response accuracy was calculated as a 

percentage of correct responses to target stimuli and withholding response to non-

target stimuli, and mean reaction time was calculated on all responses to target trials. 

Mixed 3 x 3 ANOVAs (load by site), with contrasts for main effects of site, were 

conducted to identify the site to measure the ERP component in subsequent analyses. 

Mixed ANOVAs with 3 levels of N-back load as the within-subjects factor were 

used to investigate the influence of the tDCS and task type manipulation on ERP and 

behavioural-dependent variables, which were entered as the between-subjects 

factors. These ANOVAs for ERP effects measured each component at one midline 

site. Greenhouse-Geisser corrections were used for all relevant analyses in which 

Mauchly’s test of sphericity indicated that the sphericity assumption was violated. 

Significant interactions were decomposed with Bonferroni-corrected pairwise 

comparisons. Partial eta-squared was used as the effect size measure for the 

ANOVAs, and Cohen’s D was used for mean differences. 

4.2 Results  
Behavioural Results 

  WMC, estimated at baseline with the digit span backward task (DSBr), did 

not differ between the different tDCS  F (1,35) = 1.9, p = .18, 	!!" 	= .05 and task 

type groups, F (1,35) = .08, p = .78, !!" = .002 . These preliminary analyses 
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cautiously indicate that variance in WMC at baseline was evenly distributed between 

groups, though we will revisit this interpretation in the context of power analyses 

later in this section. DSBr scores at baseline were also positively correlated with 

response accuracy during the adaptive N-back task, r = .669, p < .01, indicating that 

the adaptive N-back task was successful in modifying task difficulty to individual 

differences in WMC. Characteristics of baseline WMC in each group are presented 

in Table 4.1, and performance during the adaptive N-back task is presented in Figure 

4.2. 

 

Figure 4.2. Response accuracy (% of correct responses) and reaction time 

(milliseconds) for the 20 participants who completed the adaptive N-back task during 

their tDCS session (both the anodal and sham groups were collapsed here). Error 

bars represent standard error of the mean. 
 

  Two 3 x 2 x 2 ANOVAs (load by x tDCS condition x task type) were 

conducted for each of the two behavioural dependent variables, response accuracy 

and reaction time. Overall, behavioural responses were characteristic of a parametric 

N-back task (See Table 4.1; Gevins & Cutillo, 1993). Specifically, overall response 

accuracy decreased, and overall reaction time slowed with increasing load, F (2,70) 

= 85.595, p < .001, !!" = .71; linear, F (1, 35) = 121.84, p < .001, !!" = .77, F 

(1.71,70) = 34.76, p < .001, !!" = .5; linear, F (1, 35) = 47.39, p < .001, !!" = .58. 
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back to 2-back,  t (40) = 6.65, p < .001, d = -1.2, and from 2-back to 3-back, t (40) = 

7.97, p < .001, d = -1.06. Participant reaction time was slower as WM load increased 

from 1-back to 2-back t (40) = -6.23, p < .001, d = .86 and from 2-back to 3-back, t 

(40) = -2.98, p <.001, d =.35.  

  There was an interaction between increasing load and during-stimulation 

task-type (adaptive or static low-load) on response accuracy, F (2,70) = 5.49, p = 

.006, !!" = .14; quadratic, F (1,35) = 7.75, p = .009, !!" = .18. Response accuracy was 

greater following the adaptive N-back compared to static N-back, particularly at 3-

back, t (40) = 5.69, p = .028, d = -.71. There was no interaction between increasing 

load and tDCS on response accuracy. There were no between-subjects effects of 

tDCS, F (1,35) = 3.03, p  = .09, or task type, F (1,35) = 1.16, p =.29, or an 

interaction between these two variables, F 1,35) = 1.04, p = .32, on response 

accuracy. 
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Table 4.1 Sample size and estimate of WMC via Digit Span Backwards reliable scores (DSBr). Post-stimulation mean and standard deviation 

response accuracy (% correct responses) by level of N-back load, per condition (atDCS/adaptive N-back, stDCS/ adaptive N-back, atDCS/ static 

N-back and stDCS/static N-back). 

 

  Overall atDCS/Adaptive stDCS/Adaptive atDCS/Static stDCS/Static 

N  39 10 10 9 10 

DSBr  4(1.1) 3.6 (.55) 4.5 (1.27) 3.9(1.36) 4 (1.25) 

      

Parametric N-back 

Response Accuracy 

1b 93.59(9.73) 89.44(12.95) 93.61(10.72) 94.16(8.94) 97.22(3.47) 

2b 78.2(15.27) 74.7 (14.49) 84.44(12.01) 76.23(17.79) 77.22(16.96) 

3b 59.83(19.19) 58.1(7.23) 74.17(16.97) 51.24(29.97) 55.00(15.37) 

Parametric N-back 

Reaction Time 

1b 521(95) 517(127) 548(82) 527(109) 491(54) 

2b 626(145) 576(200) 591(54) 690(140) 655(162) 

3b 679 (156) 67(199) 604(116) 733(139) 

 

715(162) 

 

N= sample size; DSBr = Digit Span Backwards reliable score; atDCS = anodal tDCS; stDCS = sham tDCS  adaptive = adaptive N-back task, static 

= static N-back task; 1b= 1 back; 2b = 2 back; 3b = 3 back. 
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Event-Related Potential Results 

   To identify the maximal distribution of each ERP component, two 3 x 3 

ANOVAs (load by site) were conducted for each of the two amplitude dependent 

variables, the P2 amplitude and P3b amplitude, at midline sites (Fz, Cz, Pz). While 

there was no main effect of site on P2 component mean amplitude,  F (1.67, 76) = 

2.06 , p  = .62, !!" = .07, numerically the voltage of the P2 component mean 

amplitude was largest at Cz (m= 3.72, SD =  2.87) and Pz (m = 3.22, SD = 3.02), 

relative to Fz (m = 2.83, SD =  2.86). Given past literature typically investigates P2 

in a central or frontocentral distribution, P2 mean amplitude was measured at Cz 

here. There was a main effect of site on P3b component amplitude, F (1.42, 76) = 

29.15, p = .001, , !!" = .43. The P3b component was largest at Pz (m = 6.62, SD = 

3.84), relative to Fz (m = 2.89, SD =  4.67) and Cz (m = 5.6, SD =  4.45). A parietal 

distribution is consistent with expectations for P3b, therefore P3b was measured at 

Pz. The grand average waveforms across the midline sites are presented in Figure 

4.3 and the distribution of components across the midline sites is presented in bar 

graphs in Figure 4.4. Table 4.2 presents descriptive statistics for the P2 and P3 

components. Grand average waveforms and bar graphs representing the P2 and P3 

components by experimental condition are presented in Appendix B.
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Figure 4.3. Grand average waveform to target trials at midline sites, for each N-back 
condition. Consistent with expectations, the P2 mean amplitude (120ms - 260ms) 
was maximal at Cz and the P3b mean amplitude (270 – 450ms) was maximal at Pz. 
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Figure 4.4 The P2 component mean amplitude (left) and the P3b component mean 
amplitude (right) measured within the time windows of 120 ms – 250 ms and 270 ms 
– 470 ms, based on Keeser et al., (2011). Mean amplitude in voltage is presented on 
the y axis and the midline sites are presented on the x axis. Error bars represent 
standard error of the mean.
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Table 4.2. Mean and standard deviation values for individual averaged mean 
amplitude and peak latency of the P2 and P3b components, expressed as, mean 
(standard deviation). Values are provided for the parametric N-back task overall and 
by level of N-back load. Mean amplitude is measured in voltage and peak latency is 
measured in milliseconds.  
 
  Overall 1 back 2 back 3 back 
P2 Mean 
Amplitude 

Fz 2.83 (3.09) 2.40 (3.27) 3.33 (2.79) 2.74 (2.45) 
Cz 3.72 (2.94) 3.39 (2.94) 4.25 (2.91) 3.50 (2.76) 
Pz 3.22 (2.72) 3.21 (3.07) 3.39 (3.11) 3.06 (2.95) 

P2 Peak 
Latency 

Fz 195 (33) 192 (46) 197 (43) 198 (33) 
Cz 197 (46) 195 (50) 185 (54) 211 (42) 
Pz 205 (57) 204 (58) 208 (58) 202 (56) 

P3 Mean 
Amplitude 

Fz 2.88 (4.90) 2.78 (5.48) 3.60 (4.20) 2.28 (4.24) 
Cz 5.50 (3.88) 7.13 (5.44) 4.42 (3.15) 4.95 (4.07) 
Pz 6.62 (3.90) 6.61 (3.76) 7.33 (4.24) 5.91 (3.39) 

P3 Peak 
Latency 

Fz 354 (594) 359 (46) 349 (60) 355 (59) 
Cz 363 (54) 367 (56) 365 (57) 365 (56) 
Pz 312 (66) 299 (54) 302 (60) 334 (84) 
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P2 component. 

  Two 3 x 2 x 2 (load x tDCS condition x task type) mixed ANOVAs were 

conducted for both P2 amplitude and latency at Cz. The responses were 

characteristic of a parametric N-back task. There was no effect of load on P2 mean 

amplitude, F (1.63, 70) = 2.7, p = .07, !!" = .07, or P2 peak latency, F (1.63, 70) = 

3.0, p = .06, !!" = .08, consistent with expectations. Equally, there was no interaction 

of load with tDCS, F (1.63, 70) = .94, p = .4, !!" = .03, or task type, F (1.63, 70) = 

.05, p = .95, !!" = .01, on P2 mean amplitude. At a between-subjects level, there was 

no evidence that P2 mean amplitude differed as a function of tDCS, F (1, 35) = 2.84, 

p = 0.1,	!!" = .08, or task type, F (1, 35) = .1.87, p = .18, !!" = .05. However, there 

was an interaction between tDCS and task type between groups, F (1,35) = 6.59, p = 

.02, !!" = .16. Specifically, there was no difference between P2 amplitude, 

irrespective of the type of N-back task (adaptive or static) delivered with atDCS, t 

(40) = .84, p = .41, though following stDCS, P2 amplitude was reduced in the group 

who received tDCS paired with the static N-back task, t (40) = 2.82, p = .008, d = 

1.6. Figure 4.5 presents bar graphs for the effect of increasing load on P2 mean 

amplitude and peak latency.
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Figure 4.5 The P2 component, measured at Cz, within the time window of 120 ms – 
270 ms. Mean amplitude in voltage (y axis) by N-back load and experimental 
condition are presented in the top graph and peak latency in milliseconds (y axis) by 
N-back load is presented in the bottom graph. Error bars represent standard error of 
the mean. 
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P3b component 

   Two 3 x 2 x 2 (load x tDCS condition x task type) mixed ANOVAs was 

conducted for both P3b amplitude and latency at Pz. The responses were 

characteristic of a parametric N-back task. There was a trending effect of load on 

P3b mean amplitude, F (2, 70) = 3.06, p = .053, !!" = .08; quadratic, F (1, 35) = 4.33, 

p = .05, !!" = .11, whereby the amplitude of P3b did not significantly reduce between 

1-back and 2-back, t (40) = -1.09, p = .85, but it did reduce between the levels of  2-

back and 3-back, t (40) = 2.94, p = .02, d = -.78. This trending effect of an 

attenuation in P3b mean amplitude occurred in the context of no shift in P3b latency, 

F (2, 70) = 2.54, p = .09, !!" = .07. There was no interaction between increasing N-

back load and tDCS on P3b mean amplitude, F (2, 70) = .02, p = .99, !!" = .001. 

There was no interaction between increasing N-back load and task-type on P3b mean 

amplitude, F (2, 70) = .19, p = .82, !!" = .006. There was no 3-way interaction 

between increasing N-back load, tDCS and task type on P3b mean amplitude, F (2, 

70) = .1.14, p = .32, !!" = .03. 

  At the between-subjects level, there was no effect of tDCS, F (1, 35) = 1.36, 

p = .25	!!" = .04, task type, F (1, 35) = 1.14, p = .29, !!" = .03, or an interaction 

between tDCS and task type, F (1, 35) = 2.29,  p = .14, !!" = .06, on P3b mean 

amplitude. Figure 4.6 presents bar graphs for the effect of increasing load on P3b 

mean amplitude and peak latency. 
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Figure 4.6 The P3 component, measured at Pz, within the time window of 270 ms – 
450 ms. Mean amplitude in voltage (y axis) by N-back load and experimental 
condition are presented in the top graph and peak latency in milliseconds (y axis) by 
N-back load is presented on the bottom graph. Error bars represent standard error of 
the mean. 
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Post-hoc power analyses 

  Power analyses was conducted with G*Power 3 (Faul, Erdfelder, Lang, & 

Buchner, 2007), based on partial eta-squared statistics from the reported effects of 

tDCS and task type on the behavioural and ERP dependent variables. The analysis 

indicated that a WMC, as measured by the DSB task, was evenly distributed across 

groups, identifying that a sample of 539, with an alpha level of 0.05 and power (1- b) 

of 0.8 would be required to detect a difference in baseline WM capacity (DSB) 

between groups. Using the same alpha and power levels, a sample of 10, with an 

would be sufficient to detect the interaction between increasing load and task type on 

response accuracy. However, the reported effects on ERP components were 

underpowered. Specifically, the analysis indicated that a sample size of 72 would be 

required to determine whether the effect of increasing load on P3b mean amplitude 

would be maintained in a larger sample. Further, a sample of 216 would be required 

to determine whether the between interaction between tDCS and task type on P2 

mean amplitude would be maintained in a larger sample. The implications of small 

sample size and statistical power on the reported findings in this section are 

considered in the discussion. 

4.3 Discussion 
 This study investigated the influence of task difficulty on tDCS effects. It was 

hypothesised that there would be a cumulative benefit of tDCS, paired with an 

adaptive N-back task on post-tDCS N-back performance and associated 

electrophysiological markers. Consistent with expectations, exposure to the adaptive 

N-back task led to improved post-tDCS N-back task performance (increased 

response accuracy with faster reaction time), relative to the static N-back task. 
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However, there was no evidence of a cumulative benefit of tDCS paired with the 

adaptive N-back task on electrophysiological or behavioural responding. This null 

finding occurs despite previous literature identifying a link between tDCS effects and 

increased task difficulty (Gill et al., 2015; Jones & Berryhill, 2012). The lack of 

tDCS effect at the behavioural level on this occasion adds to a growing body of 

literature that has not shown direct effects of tDCS on behavioural performance 

measures of working memory (Horvath et al., 2015; Mancuso et al., 2016). However, 

given tDCS did not influence WM performance here at the between-subjects level, a 

more sensitive study design may be required to detect subtle tDCS effects. 

  In response to some methodological limitations identified in Chapter 3, a 

baseline measure of WM capacity was introduced to Chapter 4. This study design 

modification was chosen to measure the distribution of WM capacity at baseline, 

which would ideally be equally distributed across participants prior to the 

experimental manipulations. We selected the Digit Span Backwards (DSB) task for 

the purpose of baseline measurement, as it is a widely used behavioural task for the 

measurement of WM in standardised intelligence tests (Lumley & Calhoun, 1934). 

Consistent with this intention, the statistical and power analyses indicated that WM 

capacity was equally distributed amongst the 4 conditions. However, given that a 

very large sample (539) would be required to detect group differences in WM 

capacity based on our data in this chapter, it is also likely that the DSB task alone 

was not sensitive enough to detect baseline differences in WM capacity which may 

occur in a small sample. Both behavioural and electrophysiological measures of WM 

capacity may be required to determine that WM capacity is indeed equally 

distributed across a healthy adult sample at baseline.  
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  Additionally, this study investigated the potential for electrophysiological 

indices to identify which sub-processes of WM responded to tDCS. It was 

hypothesised that tDCS effects on one, but not both ERP components of interest (P2 

or P3b) would indicate that atDCS selectively modulated one of two possible sub-

processes of working memory. Whilst tDCS did not modulate P2 or P3b amplitude 

overall, an interaction of task type and tDCS was present on the central P2 

component and not on the parietal P3b component. The P2 and P3b components have 

previously been identified in the ERP literature as neural indices of attentional 

control and WM updating respectively (Lubitz et al., 2017; Segalowitz et al., 2001). 

In the literature, a reduced central P2 mean amplitude has been associated with 

efficient, and less effortful target detection (Crowley & Colrain, 2004; Keeser, 

Padberg, et al., 2011). Here, an effect of tDCS on the P2 component was observed, 

however the P2 mean amplitude was reduced at Cz in the sham tDCS/ static low load 

N-back group relative to the other conditions. Given this effect occurred in the 

control condition, this effect of tDCS on P2 amplitude is inconsistent with an 

interpretation that this between group difference is related to a beneficial impact of 

tDCS. Additionally, we did not record pre-tDCS electrophysiological activity for 

comparison, and the effect we have observed is underpowered. Therefore, it is 

difficult to comment on what a smaller P2 amplitude in one cohort might mean. The 

parsimonious explanation for the interaction effect of tDCS and task type on P2 

amplitude is that this effect was underpowered in the small sample size of this study. 

In the general methodology section of the thesis (section 2.6), a clear case was 

presented for the study design used in the thesis. This rationale also provided a part 

of the motivation for the study design in Chapter 3 of the thesis (sections 3.2 and 

3.3). In both chapters, it was recognised that an unavoidable con of a mixed within-
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subjects and between-subjects design was small sample size and low statistical 

power. In this study, low statistical power and small sample size has had a 

considerable impact on our capacity to understand a novel and unexpected finding, 

indicating that modification to the existing study design is imperative for the next 

chapter. Recording pre-tDCS electrophysiological activity in the next experiment 

could contribute to clarifying how tDCS influences P2 component amplitude. Even 

in the absence of baseline electrophysiological activity for comparison, an effect of 

tDCS on P2, rather than P3b, is interesting and unexpected, considering the N-back 

task is traditionally associated with WM updating and the P3b amplitude (Segalowitz 

et al., 2001; Vilà-Balló et al., 2018).  

  Although the effect of tDCS on P2 rather than P3b amplitude observed here 

was underpowered and did not correspond with a tDCS-related performance 

improvement, it does suggest that the earlier-occurring attentional control processes 

were more responsive to tDCS than the later-occurring WM updating processes. 

Attention-specific effects of tDCS have been reported previously on WM dual-task 

performance, where within-subject signal detection improved uniquely on the 

attention sub-task, secondary to tDCS (Gladwin et al., 2012). The specific effect of 

tDCS on P2 rather than P3b component amplitude may reflect that attentional 

processes are inherently characterised by more temporal variability than other 

cognitive domains (Cohen, Malloy, Jenkins, & Paul, 2014), and therefore are more 

responsive to tDCS. If this is true, it would be important to repeat this online tDCS 

with an adaptive N-back task experiment in the following chapter 5 (study 3), to 

investigate whether this tDCS/P2 effect can be replicated in a study design with 

greater statistical power. Given that it was difficult to interpret the tDCS/P2 effect 

here in terms of its relationship to the behavioural markers of WM performance, it 
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would be important to modify this experiment for study 3 to include a pre- and post-

tDCS measure of electrophysiological responding to the parametric N-back task. 

This additional measure of neural activity at baseline allows for within- and between-

subject analysis of the tDCS effect on the P2 component. 

 Alternatively, the isolated effect of tDCS on P2 may potentially reflect a 

predominant role of the DLPFC in attentional control processes, relative to the 

broader neural network subserving WM. A previous neuroimaging meta-analysis 

identified a distributed frontal and parietal network, with some subcortical 

involvement, which was consistently active during various versions of the N-back 

task (Owen et al., 2005). It remains unclear whether specific WM processes are 

more-or-less facilitated by the frontal, parietal or subcortical regions. However, there 

is some fMRI evidence for the dissociable role of lateral prefrontal cortex in the 

encoding, control and organisation of information in WM (Bor, Cumming, Scott, & 

Owen, 2004). In contrast, a prominent contribution of the superior parietal cortex to 

WM updating was observed in fMRI data from patients with superior parietal cortex 

lesions (Koenigs, Barbey, Postle, & Grafman, 2009). In this cohort, the functions of 

encoding and immediate attention remained intact, whilst complex manipulation and 

maintenance of relevant information in WM was disrupted, compared to non-lesion 

controls (Koenigs et al., 2009). However, patients with posterior parietal cortex 

damage have also demonstrated specific weaknesses in the allocation of attention 

within a WM task (Berryhill, Chein, & Olson, 2011). Taken together, it seems less 

likely that attentional control and WM updating functions are uniquely subserved by 

single regions within the WM network, nor that the isolated tDCS effect on P2 on 

this occasion reflects unique DLPFC involvement in attentional control processes. 
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  This experiment highlights important limitations of the between-subjects 

design to consider for the next experiment. The between-subjects design was selected 

because it minimises the influence of nonlinear practice and experimental 

manipulation effects (Greenwald, 1976), as well as context effects that could detract 

from the effectiveness of the single-blind, sham-control condition (Wallace et al., 

2016). In the first experiment, the between-subjects design did not control for 

individual differences in WMC capacity. This limitation was accounted for here with 

equal distribution of baseline WMC between groups. However, in the current 

experiment it is also apparent that the between-subjects design may be insensitive to 

the subtle effects of tDCS (Mancuso et al., 2016).  Introducing a pre- and post- tDCS 

measure of behavioural and electrophysiological responding in study 3 (chapter 5) is 

likely to a) provide increased statistical power for detecting subtle tDCS effects, and 

b) allow for a clearer interpretation of the direction of tDCS effects on either 

behavioural or electrophysiological markers. Another consideration for the next 

experiment relates to tDCS delivery. In study 1 (chapter 3), it was identified that 

introducing online delivery of tDCS may be important for engaging the task-relevant 

neural network. Due to the lack of tDCS effects overall, it is not clear at this stage 

how offline vs online tDCS affects behavioural responding. However, a subtle effect 

of offline tDCS on P3b in study 1 contrasts with the subtle effect of online tDCS on 

P2 observed here. The online tDCS protocol will be retained for the next experiment, 

where the unexpected effect of tDCS on P2 amplitude will be further investigated. 

Although sufficient midline EEG electrode sites were recorded in this experiment to 

elicit the P2 and P3b components, it would be valuable to also record activity at site 

FCz in future to comprehensively measure the P2 amplitude where it is maximal 

(Zhao et al., 2013). Further, whilst baseline WMC was controlled for in this 
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experiment, baseline WMC is more closely associated with the P3b, rather than the 

P2, component (McEvoy et al., 1998). Given we intend to investigate the effect of 

tDCS on P2 amplitude, it may be valuable in the next experiment to recruit a sample 

who are likely to differ in WM performance at baseline, as a function of poor 

attentional control. By recruiting such a sample, the next experiment could both a) 

attempt to replicate the unexpected effect of tDCS on P2 amplitude, and b) explore 

whether poor attentional control at baseline is linked to the development of tDCS 

effects on P2 amplitude.  

Methodological limitations of the current study may have contributed to null 

effects of tDCS overall, precluding a thorough exploration of whether tDCS effects 

may be linked to task difficulty. However, an unexpected effect of tDCS on P2, 

rather than P3b amplitude was observed, suggesting that some sub-processes of WM 

may be more responsive to tDCS than others. The next chapter will attempt to 

address these methodological limitations. Further, the next chapter will attempt to 

explore the relationship between tDCS and the attentional control processes that are 

associated with the P2 amplitude. 
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Chapter 5: The P2 Component is 
Modulated by Trait 
Anxiety and tDCS 
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Introduction 
  Working memory (WM) relies on contributions from executive processes to 

facilitate goal-directed cognition, particularly as task demands increase (Miyake & 

Shah, 1999). It is recognised that the input of multiple executive processes is 

required to sustain the WM system (Engle, 2002; Miyake et al., 2000; Oberauer, 

2009). Separate executive contributions to WM processing are evident in the two 

positive event-related potential components, elicited in response to the N-back task 

(Chen et al., 2008). Whether some of these executive processes are more responsive 

to transcranial direct current stimulation (tDCS) than others has not been investigated 

in the tDCS/WM literature to date. Preliminary findings from study 2 (chapter 4) of 

this thesis suggest that attentional control, associated with the load-insensitive P2 

component, may be more responsive to tDCS than WM updating, associated with the 

load-sensitive P3b component. One way to explore this apparent link between tDCS 

and the P2 component is to apply the same online tDCS protocol from chapter 4 to a 

cohort who differ in their capacity to control the focus of attention. Additionally, a 

pre-tDCS measure of electrophysiological and behavioural responding to the N-back 

task was introduced for comparison with the same measures recorded post-tDCS. 

Therefore, this experimental chapter provides an opportunity to replicate the 

tDCS/P2 effect observed in chapter 4. Additionally, this chapter may contribute to 

understanding whether tDCS effects develop as a function of task performance 

and/or attentional control (P2 amplitude).  

  Attentional control is known to vary as a function of individual differences, 

secondary to specific cognitive and emotional characteristics (Unsworth & Engle, 

2007). The cognitive and emotional characteristics of elevated anxiety are linked 

with poor attentional control and poor performance on WM tasks relative to controls, 
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particularly when a threatening context is present, relative to a safe context 

(Balderston, Quispe-Escudero, et al., 2017; Hayes et al., 2008). Attentional Control 

Theory (ACT) provides an explanation for understanding the negative relationship 

between anxiety induced by a threatening context and poor attentional control. 

According to ACT, state anxiety increases competition for attentional resources in 

WM between task-relevant and task-irrelevant information when a threatening 

context is present (Eysenck, Derakshan, Santos, & Calvo, 2007). Therefore, from the 

ACT point-of-view, a deficit in attentional control secondary to elevated anxiety 

develops in a threatening context, and high versus low anxious individuals do not 

differ in terms of attentional control in a non-threatening context.    

In addition to this context-specific attentional vulnerability described in ACT, 

there also appears to be evidence of a more enduring attentional control deficit in 

individuals with high trait anxiety. WM and attentional control performance deficits, 

with accompanying reduced WM-related fMRI BOLD activation, have been 

identified independent of task context (threatening or safe) in individuals with 

generalised or social anxiety disorders, particularly under low WM load conditions. 

This pattern of reduced WM-related cortical activation relative to controls suggests 

that a non-threat related WM/attentional control deficit can occur in high trait 

anxiety, and that this deficit is associated with under-activation of the dorsolateral 

prefrontal cortex (DLPFC), particularly when task demands are low (Balderston, 

Vytal, et al., 2017; Bishop, 2009). This more enduring attention control vulnerability 

may be more suitable than the mood state-dependent ACT for explaining context 

nonspecific lapses in concentration and memory that are common cognitive 

complaints in individuals with high trait anxiety or anxiety disorders (Bishop, 2009).  
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The more enduring attentional control vulnerability associated with high trait 

anxiety, rather than the temporary attentional control vulnerability associated with 

state anxiety in anxious individuals, is of interest to this tDCS investigation for 

several reasons. Firstly, ACT suggests that evidence of poor attentional control 

specifically develops in highly anxious individuals relative to low anxiety individuals 

when manipulating state anxiety with threatening information (Eysenck et al., 2007). 

Therefore, in order to manipulate state anxiety with the intention to observe 

compromised attentional control, we would still need to recruit a sample stratified by 

trait anxiety at the outset. Secondly, the impact of state anxiety on attentional control 

is temporary and specific to a threatening context (Eysenck et al., 2007). Therefore, 

we would need to consider adding additional tasks to the study design, which would 

protract an already lengthy testing session. Thirdly, the reported non-context specific 

vulnerability to poor attentional control in high anxious individuals had been 

associated with an underactive DLPFC (Balderston, Vytal, et al., 2017; Bishop, 

2009) and with day-to-day lapses in concentration and memory (Bishop, 2009). This 

third point is relevant because we have a study design using an experimental 

technique where we can target the DLPFC directly. Additionally, whilst this research 

program is experimental, from an applied research perspective, it would be 

meaningful and more relevant to the literature on tDCS for enhancing cognition to 

target the more enduring attentional control vulnerability associated with trait 

anxiety. Taken together, investigating trait rather than state anxiety is of interest in 

this study for continuity across the research program and for relevance to the broader 

applied literature on tDCS for cognitive enhancement. 

The enduring attentional control vulnerability in trait anxiety has been linked 

to an underactive DLPFC (Balderston, Vytal, et al., 2017; Bishop, 2009), therefore, 
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tDCS may be suitable for manipulating this aspect of poor attentional control in high 

trait anxiety. According to the signal-to-noise hypothesis, the interaction between 

anodal tDCS (atDCS) induced excitatory neural activity and concurrent task-induced 

neural activity is likely to be non-linear (Bortoletto, Pellicciari, Rodella, & Miniussi, 

2015; Romero Lauro et al., 2014). Therefore, when atDCS is delivered online 

(during task engagement) to facilitate performance enhancement, the overall effect 

on the neural system responding to that task could be either beneficial or detrimental, 

depending on the state of the task-relevant neural network at the time (Bortoletto et 

al., 2015; Romero Lauro et al., 2014). From this perspective, individuals may be 

more-or-less responsive to tDCS as a function of their baseline neural activity and 

task performance. Such a differential response has been reported in the context of 

visual WM where the parietal cortex was targeted with atDCS. In this instance, low 

performing individuals at baseline demonstrated improved change detection and a 

corresponding increase in N2pc amplitude post-tDCS in a visual change detection 

task (Tseng et al., 2012). The increased N2pc amplitude appeared to reflect improved 

interference suppression of non-target stimuli (Tseng et al., 2012). However, the 

evidence regarding whether low or high baseline WM performance mediates 

response to online tDCS has been equivocal (Jones & Berryhill, 2012; Tseng et al., 

2012). For example, a selective benefit of tDCS, delivered to the parietal cortex, on 

post-tDCS change detection was identified in individuals with high WM capacity at 

baseline, while change detection in the low WMC cohort was unaffected by tDCS 

(Jones & Berryhill, 2012). Therefore, it is anticipated that the application of tDCS to 

the DLPFC may differentially affect the task-relevant neural network in individuals 

with high trait anxiety relative to non-anxious controls, though it is unclear based on 

previous literature whether low or high performers are more likely to demonstrate 
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benefits of tDCS on WM processing or performance.  

  The relationship between high trait anxiety and poorer behavioural 

responding on tasks requiring attentional control (reduced accuracy, slower reaction 

time) is additionally complicated by compensatory processing (Berggren & 

Derakshan, 2013). That is, underlying cognitive inefficiencies secondary to high trait 

anxiety can be masked by compensatory effort (Berggren & Derakshan, 2013). For 

example, the aforementioned neurophysiological marker of poor attentional control 

in the context of high trait anxiety, an underactive DLPFC, was correlated with poor 

performance under low WM load conditions (Bishop, 2009).  A similar pattern was 

observed in terms of ERPs, where a smaller central negative vertex (CNV) ERP 

component was observed in a high trait anxiety group, who also demonstrated longer 

anti-saccade latencies (Ansari & Derakshan, 2011b). This pattern appeared to reflect 

that impoverished inhibition and control processes led to reduced response accuracy 

(Ansari & Derakshan, 2011b). In these examples, both the neurophysiological and 

behavioural performance markers consistently indicated an underlying attentional 

control deficit in the context of high trait anxiety. However, it is also possible to 

observe equivalent behavioural responding (response accuracy) in a high trait 

anxious cohort compared to controls, in the context of neurophysiological evidence 

of increased neural processing associated with control and inhibition (Ansari & 

Derakshan, 2011a). For example, there was no difference between participants 

identified as high trait anxious relative to controls in terms of response accuracy 

during no-go trials, which measure the ability to inhibit a prepotent response (Righi, 

Mecacci, & Viggiano, 2009). However, the high trait anxiety cohort demonstrated a 

larger P2 component, indicating that increased effortful processing was required in 

order to maintain their performance during an inhibition task (Righi et al., 2009). A 
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similar ERP marker of increased neural processing to facilitate control and inhibition 

in the context of high trait anxiety has been observed in the context of the Stroop task 

(Savostyanov et al., 2009). These findings highlight that high trait anxiety can have 

different implications for cognitive processing. Further, the negative impact of trait 

anxiety may or may not be present at the behavioural level. ERP correlates provide 

additional information to observe whether trait anxiety is associated with under or 

over engagement of cognitive resources, which may reflect either a processing deficit 

or compensatory effort (Berggren & Derakshan, 2013; Righi et al., 2009).   

  The aforementioned literature provides a rationale for two different cognitive 

consequences that can occur in the context of high trait anxiety at an 

electrophysiological level, indicative of either processing deficits or compensatory 

processing. Given that the cognitive ramifications of high trait anxiety are associated 

with attentional control and inhibition processing, this evidence is naturally based on 

tasks of cognitive control, where the target for goal-oriented processing is fixed. 

However, these tasks do not involve the more complex WM updating processes, and 

these tasks did not elicit a task-relevant P2 component. For the purpose of this study, 

we are particularly interested in the literature that describes how trait anxiety 

influences the P2 and P3b components elicited during the N-back task, however, 

there is less WM-specific ERP and trait anxiety literature than what is available for 

tasks of cognitive control (Ansari & Derakshan, 2011a, 2011b; Cavanagh & 

Shackman, 2015). There is some evidence to suggest that compensatory effort, 

induced by high WM load, is evident on the topography of the load sensitive, target 

trial ERP components (Segalowitz et al., 2001). Specifically under high WM load, 

the P3b component topography shifted from the parietal to frontal distribution when 

the WM system was overloaded (Segalowitz et al., 2001). This evidence of enhanced 
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frontal neural activity appeared to reflect increased compensatory effort or the 

reallocation of resources away from WM updating. However, this study did not 

explicitly measure or report effects on the P2 component, which is of particular 

interest to our investigation. There is one available study, conducted by Yuan and 

colleagues (2016), which investigated the cognitive ramifications of perceived stress 

on N-back task performance where both the P2 and P3b components were measured. 

Yuan and colleagues (2016) study of the impact of perceived stress on ERPs during 

the N-back task is relevant to consider in this chapter, because the tendency to 

perceive higher levels of stress reaction and state anxiety is one identified 

characteristic of high trait anxiety (Endler & Parker, 1990; Spielberger, 1976).  In 

this study, a cohort was exposed to a protracted period of exam stress. A self-report 

measure of perceived stress was used to identify the subset of this cohort who 

perceived high levels of stress reaction relative to the other subset, who perceived 

low levels of stress reaction in response to the objectively stressful event. The neural 

activity of individuals who reported higher levels of stress was characterised by 

enhanced fronto-central P2 amplitude during the N-back task. This finding is 

complicated by the fact that the P2 component has a unique tendency, relative to 

other task-relevant ERP components, to reduce in amplitude as a marker of improved 

target detection efficiency (Crowley & Colrain, 2004). Therefore, this enhanced P2 

component, which correlated with poorer N-back task performance, appears to be 

consistent with a processing deficit. Notably, the P3b amplitude was unaffected by 

stress (Yuan et al., 2016). This result suggests that perceived high stress impacts the 

earlier attentional control processes associated with the P2 component during the N-

back task, rather than the later-occurring WM updating processes associated with the 

P3b component. This pattern is consistent with the broader literature on the cognitive 
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ramifications of trait anxiety, where the earlier occurring, less complex cognitive 

control and inhibition processes are impacted in a way that either reflects a 

processing deficit or compensatory effort (Berggren & Derakshan, 2013). Therefore, 

it is anticipated that the P2 ERP component may be impacted by trait anxiety during 

the N-back task, as it was in a cohort who perceived high levels of stress response 

(Yuan et al., 2016). Further, the pattern of P2 amplitude and latency at baseline may 

be more likely than response accuracy to identify how individuals with high trait 

anxiety may differ from non-anxious controls in terms of WM processing (Berggren 

& Derakshan, 2013).  

  Whilst there is a literature describing the patterns of ERPs that can be 

associated with the cognitive processing abnormalities that are characteristic of high 

trait anxiety, there is very limited literature describing patterns of ERPs associated 

with the development of beneficial tDCS effects on WM processing. In the context 

of ERP positivities elicited during the N-back task, there is some evidence that 

atDCS applied to the DLPFC can increase P3b amplitude, which would 

characteristically reflect efficient WM updating (Nikolin et al., 2018). On this 

occasion, the increased P3b amplitude did not correspond with improved response 

accuracy on the N-back task, and additionally the tDCS/P3b effect occurred in the 

context of no analysis of the P2 component (Nikolin et al., 2018). When both the P2 

and P3b components were analysed, beneficial effects of atDCS were detected on 

resting state P2, though not on P3b amplitude (Keeser, Padberg, et al., 2011). This 

resting state electrophysiological pattern, where tDCS effects were associated with 

the P2 amplitude, occurred in the context of a tDCS-related increase in response 

accuracy on the 2-back task (Keeser, Padberg, et al., 2011). This P2-tDCS effect 

occurred following an offline tDCS protocol, which may or may not be 
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representative of tDCS-induced changes to the P2 and P3b components following an 

online tDCS protocol, as will be used in this chapter. This result is consistent with 

the preliminary findings of a tDCS/P2 effect observed in study 2 (chapter 4). 

Therefore, whilst there is limited literature related to tDCS effects on ERP 

components during the N-back task, the available evidence and the findings from 

study 2 (chapter 4) suggest that tDCS effects are likely to present on the P2, rather 

than the P3b component. Therefore, both trait anxiety and tDCS may influence the 

P2 component during the N-back task. Whilst there is no previous literature to 

directly suggest how trait anxiety and tDCS may interact with the P2 component, it is 

possible, with consideration for the signal-to-noise hypothesis (Bortoletto et al., 

2015; Romero Lauro et al., 2014), that the atDCS may be beneficial in the context of 

sub-optimal neural activation associated with high trait anxiety (Bishop, 2009).  

  The review of previous literature identified that there are broadly two impacts 

of trait anxiety on cognitive processing, associated with either a processing deficit or 

with compensatory effort (Berggren & Derakshan, 2013). Additionally, the reviewed 

literature identified that earlier occurring ERP components, relative to later occurring 

ERP components, are more likely to be affected by either a processing deficit or 

compensatory effort secondary to trait anxiety (Ansari & Derakshan, 2011a; Yuan et 

al., 2016). Similarly, the evidence from limited previous literature and from study 2 

(chapter 4) of this research program suggests that atDCS is likely to impact the P2 

component as well. Of interest to this study is how both trait anxiety and atDCS may 

influence the P2 component and behavioural performance during the N-back task. 

Therefore, the aim of this study was to investigate whether poor WM task 

performance and/or electrophysiological indices of non-threat-related poor attention 

control, known to occur in the context of high trait anxiety, influence the effects of 
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atDCS to the DLPFC. Baseline electrophysiological and behavioural responses to a 

parametric N-back task were recorded in two groups: an experimental group 

reporting elevated anxiety symptomatology (high trait anxiety group) and a control 

group reporting anxiety symptomatology within normal limits, as assessed during the 

last month on the anxiety subscale of the Depression Anxiety and Stress Scale short 

form (DASS-21; Lovibond & Lovibond, 1993). All participants completed either an 

active atDCS or a sham tDCS (stDCS) session delivered concurrently with an 

adaptive N-back task. Post-tDCS electrophysiological and behavioural responding to 

the parametric N-back task was recorded to measure the response to the single-

session intervention. The literature described complex patterns of functional 

neuroimaging and electrophysiological responding that can be indicative of either a 

processing deficit or compensatory processing, secondary to trait anxiety (Berggren 

& Derakshan, 2013; Bishop, 2009). Considering this, it was important to hypothesise 

which ERP components would more likely be impacted by trait anxiety, though it 

was more difficult to hypothesise the direction of these effects.  Therefore, the first 

hypothesis of this study was that a cognitive consequence of trait anxiety would be 

present on the P2, and not on the P3b component. Evidence of a processing deficit on 

the P2 component would be represented by an enhanced component amplitude at the 

fronto-central distribution. A processing deficit is likely to occur with a 

corresponding deficit in response accuracy. Alternatively, trait anxiety may also 

affect the P2 component in a pattern more consistent with compensatory processing. 

This could be reflected in a reduced P2 amplitude or longer P2 latency at the fronto-

central distribution, or it could be reflected in a shift in topography to the frontal 

distribution of this component (Ansari & Derakshan, 2011a; S. Segalowitz et al., 

2001). A pattern of compensatory processing on the P2 component is likely to occur 
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in the context of no difference, in terms of response accuracy (Berggren & 

Derakshan, 2013). Assuming that the high trait anxiety group will demonstrate an 

electrophysiological and/or behavioural marker of poor attentional control at 

baseline, this study sought to investigate a second hypothesis. It was hypothesised 

that the high trait anxiety and control groups would demonstrate different 

electrophysiological and behavioural responding to atDCS. Given that the literature 

on responses to tDCS as a function of baseline task performance is equivocal, it is 

not clear at this time whether the effect would occur in the context of high or low 

WM performance (Jones & Berryhill, 2012; Tseng et al., 2012). However, with 

consideration for the signal-to-noise explanation (Bortoletto et al., 2015; Romero 

Lauro et al., 2014), it is possible that sub-optimal attentional control processing at 

baseline (the P2 component) may benefit from atDCS. 

5.1 Methods 
 

Participants 

  Fifty-five adults (35 female, 46 right-handed) participated in the study. 

Practical limitations of the PhD programme precluded us from directly addressing 

the issue of sample size raised in Chapters 3 and 4 by recruiting a larger sample to 

this study. Instead, we modified the study design for this experiment with the aim to 

mitigate the interpretation and statistical power challenges that we faced in earlier 

chapters. The sample consisted of undergraduate students recruited from the School 

of Psychological Science at the University of Western Australia, who participated for 

partial course credit. Participants provided informed written consent and the protocol 

was approved by the human research ethics committee at the University of Western 

Australia (RA/4/1/7951). Participants were screened at the beginning of the 
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university semester on self-report experience of anxiety symptoms, occurring over 

the past month, using the anxiety subscale of the DASS-21(Lovibond & Lovibond, 

1993). The DASS-21 shares a moderate-strength correlation (r = .47) with the trait 

subscale of the commonly used state-trait anxiety inventory (STAI; Bieling, Antony, 

& Swinson, 1998; Spielberger, 1983). We chose to administer DASS-21 with 

instructions to rate symptoms over the past month, to capture more enduring trait 

anxiety, rather than the alternative instruction common to the DASS of rating 

symptoms from the past week (Lovibond, 1998). Screening occurred within a 

context where multiple measures were administered for other research projects and 

completing the series of measures took approximately 60 min. Given that fatigue and 

motivation/engagement in the measures was likely to influence DASS-21 responses 

in this screening context, we identified individuals who endorsed within normal 

limits or elevated levels of anxiety and invited them to participate; where the DASS-

21 was readministered to our sample at the beginning of the testing session in our 

study. Responses to this 2nd administration were used to classify trait anxiety. This 

approach also accounted for the amount of time that passed between the initial 

screening and participation in this experiment, which took place over the course of 

the semester. Level of trait anxiety was determined with reference to Australian 

normative data (Crawford et al., 2011). Scores on the anxiety subscale equal to or 

greater than 2 standard deviations above the mean were classified as high trait 

anxiety. The control group were characterised by low or within normal limits scores 

on the anxiety subscale, whereby low responses were acceptable as well as responses 

within 1 standard deviation of the mean. This criteria for the high trait anxiety and 

control groups was selected given the control group contains anxiety levels that are 

either low or typical in relation to Australian norms, and the high trait anxiety group 
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specifically contains unusually elevated levels of anxiety relative to Australian 

norms. Descriptive statistics for the DASS-21 are presented in Table 5.1. 

 

Table 5.1. Descriptive statistics of participant characteristics. Per Australian 
normative data, elevated anxiety was identified using a 2 SD>M cut off (Crawford et 
al., 2011). 
	 Controls	 High	Trait	Anxiety	
     
 atDCS stDCS atDCS stDCS 
N 16 13 12 14 
M(SD) 4.13(2.58) 2(2.5) 18(8.4) 21(9.5) 
 
Elevated Depression 

 
3.4% (N= 1) 

 
30.8% (N = 8) 

Elevated Stress 6.9% (N = 2) 46.2% (N = 12) 
 
N = sample size; M = mean; SD = standard deviation; atDCS = anodal tDCS; stDCS 
= sham tDCS
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Baseline and outcome measure: N-back task  

  The parametric N-back task used here is identical to the version described in 

detail in Chapter 2. The parametric verbal N-back task required participants to press 

‘a’ if they identified a target item, defined as a trial where the current item presented 

in the field matched an item presented ‘N’ items ago, and withhold their response to 

non-targets. The level of ‘N’ systematically increased from 1-back, 2-back to 3-back 

over 9 blocks, 3 blocks per level of ‘N’. This N-back sequence is presented twice to 

collect enough acceptable trials for ERP analyses. Each participant was exposed to 

36 targets at each level of load, allowing for an acceptable amount of trials (15-30) 

for ERP analysis, even if some target trial data is lost during EEG pre-processing. 

Participants were exposed to 1 block at each level of load for practice. This N-back 

task was presented with Inquisit, Millisecond software (Jaeggi et al., 2010) and is 

similar to the parametric N-back task originally developed by Gevins and Cutillo 

(1993). The stimulus presentation rate was based on previous working memory 

research using ERPs (Segalowitz, 2001). 

 

tDCS 

  Anodal tDCS (atDCS; Ionta, Chattanooga Group) was delivered through 

saline-soaked sponge electrodes (4 x 6 cm) at a constant current of 2 mA. The 

current was set to linearly ramp up or down over 30-seconds, with full stimulation 

applied for 20 minutes. Sham tDCS (stDCS) delivered only the 30-second ramping 

current up to 2 mA, which was then switched off for the remaining 20 minutes 

(Dedoncker et al., 2016; Keeser, Meindl, et al., 2011; Nikolin et al., 2018; Poreisz et 

al., 2007). The electrodes were held in place beneath an EEG 10-20 system cap and a 

headband. Electroconductive gel (Weaver and Company; USA) was applied under 
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the electrodes to reduce impedance. The stimulation electrode was placed over the 

left DLPFC (F3) and the reference electrode over the contralateral supraorbital area, 

according to the 10-20 EEG international electrode scalp positioning system. 

  Active atDCS or stDCS was delivered concurrently with an adaptive N-back 

task. The adaptive N-back task mirrors the parametric N-back task in terms of 

participant response requirements and the number of trials per block. However, the 

N-back level varies during the adaptive N-back task as a function of performance on 

the proceeding block of trials, and approximate feedback on percentage of correct 

responses (hits and false alarms) is provided at the end of each block. The task 

instructions were modified to introduce the level of ‘N’ staircase, and practice trials 

were omitted given participants were familiar with the task from baseline 

measurement. The task began with one block of 1-back. The level of N-back 

increased one integer following a block with fewer than 3 errors, to a maximum level 

of 4-back. The level of N-back decreased one integer following a block of 5 errors or 

more. Otherwise, the following block maintained the same level of N-back as the 

previous block. Unlike the parametric N-back task, where task length was 9 blocks 

repeated twice (18 blocks in total) for all participants, here, there was no fixed limit 

on the number of blocks completed as this session was instead limited by the length 

of the tDCS session. Participants completed the task concurrent with 20 minutes of 

tDCS. 

 

Procedure  

  Participants provided informed written consent prior to participation. 

Participants completed the DASS-21 at the beginning of the session. Based on these 

ratings, participants were allocated to either the high anxiety or control group and 
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were randomly allocated to either the atDCS or stDCS condition. Following EEG 

set-up, each participant completed 1 block of practice trials at each level of N-back 

load. Baseline electrophysiological and behavioural responding to the parametric N-

back task was recorded. Subsequently participants received 20 minutes of tDCS 

(active or sham) delivered with the adaptive N-back task. Participants then repeated 

the parametric N-back task, concurrent with EEG recording. The procedure took 120 

minutes to complete. A schematic diagram of the procedure is presented here in 

Figure 5.1 

 

 

Figure 5.1 A schematic diagram of the procedure. In this experiment, a baseline 
measure (parametric N-back task with EEG recording) was introduced prior to the 
tDCS session. Participants also completed a DASS 21 prior to completing the 
baseline parametric measure. We allowed 5 minutes for positioning tDCS electrodes 
beneath the EEG cap according to the 10-20 system. Participants completed the 20-
minute online tDCS session concurrently with the adaptive N-back task. The 
participants received either atDCS (anodal tDCS) or stDCS (sham tDCS). Following 
the tDCS session, the EEG system was reconnected and prepared for recording (we 
allowed 5 min for this transition, aided by the fact that the EEG recording had been 
set up for recording earlier in the procedure). Finally, all participants completed the 
parametric N-back task with EEG recording as the post-tDCS outcome measurement. 

DASS 21 
questionnaire 

completed

Set-up: EEG 
electrodes 

positioned on the 
scalp (10-20 

electrode system).

Baseline measure: 
EEG recording 

during parametric 
N-back task

EEG recording saved 
and switched off, tDCS 
electrodes positioned 
on the scalp (10-20 
electrode system). 

tDCS adminsitered 
online with 

adaptive N-back 
task (20min)

tDCS device switched off, 
tDCS electrodes removed, 

EEG system reconnected and 
prepared for aquisition (5min 

transition period)

Post-tDCS measure:
EEG recording during 
parametic N-back task
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Electrophysiological acquisition  

  Continuous EEG activity was recorded with a 64-channel ActiveTwo 

Biosemi system (Biosemi, Amsterdam, Netherlands; AF3, AF4, F7, F5, F3, F1, Fz, 

F2, F4, F6, F8, FC5, FC3, FC1, FCz, FC2, FC4, FC6, T7, C5, C3, C1, Cz, C2, C4, 

C6, T8, CP5, CP3, CP1, CP2, CP4, CP6, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO3, 

POz, PO4, O1, Oz, O2), which was referenced offline. In the Biosemi system, the 

traditional ground electrode is replaced by a two-electrode feedback loop; the 

common mode sense active electrode and driven right leg passive electrode. Electro-

ocular activity was recorded by placing electrodes above and below the left eye. The 

sampling rate was set to 512 Hz. EEG recordings were re-referenced to an averaged 

mastoid and filtered offline using a 0.1 - 70 Hz high-pass Butterworth fourth order 

(24 dB roll off) and bandstop filtered between 49 and 51 Hz. Ocular artefacts were 

corrected using independent components analysis. 

 

EEG analysis  

  The data was epoched around the stimulus presentation (-200 pre stimulus 

onset to 1000 ms post stimulus onset). Individual averaged waveforms were 

baseline-corrected around amplitude calculated over the pre-stimulus interval, as 

recommended in Luck (2014). Epochs with activity exceeding ±150 μV were 

excluded from individual averages. The epoched data were split into load conditions 

(1-back, 2-back, 3-back). Split epochs were then averaged for each condition. An 

average of 33.97 ± 4.48 (range: 18 – 36) target trials were included in each N-back 

condition. 
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  Mean amplitude was used to measure the P3 and P2 components amplitude, 

and peak latency was used for measuring their timing at four midlines sites (Fz, FCz, 

Cz, Pz). The temporal windows for each component were guided by visual 

inspection of the positive deflections and were informed by previous research 

(Keeser, Padberg, et al., 2011), as recommended by Luck (2014). The P2 component 

was calculated as the average of neural activity within the window of 120ms and 

260ms. The P3 component was calculated as the average of neural activity within the 

window of 270ms and 450ms. These temporal windows closely resemble a previous 

study featuring tDCS and ERP technique (Keeser, Padberg, et al., 2011). 

 

Statistical Analysis 

  Mean response accuracy was calculated as a percentage of correct responses 

to target stimuli and withholding response to non-target stimuli. Mean reaction time 

was calculated on all responses to target trials. Mixed 3 x 3 ANOVAs (load by site), 

with contrasts for main effects of site, were conducted to identify the site to measure 

the ERP component in subsequent analyses. Next, 3 x 2 x 2 x 2 mixed ANOVAs 

(load x time x tDCS x anxiety) were used to identify the effect of tDCS and anxiety 

on behavioural and ERP responding to the N-back task, pre- and post-intervention. 

N-back load (3 levels) and time (2 levels, pre-tDCS and post-tDCS behavioural and 

electrophysiological responses) were entered as the within-subjects factors and tDCS 

(atDCS or sham) and anxiety (high or control) were entered as the between-subject 

factors. These ANOVAs for ERP effects measured each component at one midline 

site. Significant interactions were decomposed with pairwise comparisons with 

Bonferroni adjustments Cohen’s D effect sizes based on pooled standard deviations.
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5.2 Results  
First, it was important to establish whether there was evidence of the expected 

pattern of poor attentional control in the high trait anxiety group relative to controls 

at baseline, likely to be evident on P2 component, and more prominent under low 

WM load conditions. There was no evidence of an anxiety and load interaction on P2 

mean amplitude at FCz, F (2,102) = 1.1, p = .36,  !!"  =.02. However, there was an 

interaction of anxiety and load on P2 peak latency at FCz,  F (2,102) = 3.95, p = .02, 

!!" = .07, whereby the P2 component peak occurred later in high trait anxiety group 

(M =188.5, SD = 26.4) relative to the control group (M =176.6, SD = 36.5) during 

the 1-back task, t (56) = 3.09, p = .01, d = 2.5. This effect of trait anxiety on P2 

component peak latency at FCz occurred in the context of no difference in baseline 

response accuracy between the high trait anxiety and controls, F (2,102) = 1.66, p = 

.2, !!" = .01.  

 

Behavioural Results 

  Descriptive statistics for performance during the adaptive N-back task, 

delivered during the tDCS session, are presented in Figure 5.2. In terms of post-tDCS 

behavioural outcome measurement, two 3 x 2 x 2 x 2 ANOVAs (load x tDCS 

condition x trait anxiety x time) were conducted for each of the two behavioural 

dependent variables, response accuracy and reaction time. Overall behavioural 

responses were characteristic of a parametric N-back task (See Table 5.2; Gevins & 

Cutillo, 1993). Within-subject response accuracy decreased, and reaction time 

increased with increasing load, F (2,102) = 242.32, p = .000, !!" = .83; F (1.8, 102) = 
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42.46, p <.001, !!" = .46. Specifically, participants were less accurate as WM load 

increased from 1-back to 2-back, t (56) = 10.52, p <.001, d = -1.32 and from 2-back 

to 3-back, t (56) = 13.18, p < .001, d= -1.3. Participant reaction time was also slower 

as WM load increased from 1-back to 2-back, t (56) = -6.93, p < .001, d = 0.87, and 

from 2-back to 3-back, t (56) = -3.36, p = .004, d = 0.3. Given response accuracy 

provides a more accurate measure of performance improvement than reaction time, 

the following analyses were specific to response accuracy. 

  At the within-subject level, WM load also interacted with anxiety, F (2,102) 

= 3.39, p = .04, !!" = .06. Poorer response accuracy, particularly under increasing 

WM load, was expected in the high trait anxiety group relative to controls, though 

this difference did not reach significance at 3-back, t (56) = 1.84 p = .07, d = -0.41. 

There was no interaction between tDCS and WM load, F (1, 51) = .77, p = .47, !!" = 

.02. 

  Within-subject response accuracy also increased over time (pre- and post-

tDCS), F (1, 51) = 17.008, p < .001, !!" = .25. There was no change in post-tDCS 

response accuracy secondary to tDCS, F (2,102) = .39, p = .77, !!" =.02, or anxiety, 

F (1, 51) = .2, p = .7,	!!" = .01. A 3-way interaction of between trait anxiety and 

tDCS on response accuracy post-tDCS did not reach significance, F (1, 51) = 3.26, p 

= .08, !!" =.06.  

  



 

 144 

 

Table 5.2. Mean (standard deviation) values for percentage of correct responses and reaction time (ms) at baseline (pre-tDCS) and post-tDCS. 
Pre-tDCS  Overall atDCS/control stDCS/control atDCS/HA stDCS/HA 

N  55 16 12 13 14 
Response Accuracy 1b 94.9 (7.02) 96.01 (7.98) 92.36 (6.92) 93.16 (8.942) 97.221 (3.465) 

2b 76.36 (14.6) 80.73 (16.68) 70.37 (12.33) 75.85 (17.791) 77.221 (16.961) 

3b 55.81 (15.17) 63.67 (17.25) 49.77 (8.90) 52.9 (29.97) 55.000 (15.372) 

Reaction Time 1b 562 (88) 530 (84) 589 (121) 527 (109) 491 (54) 

2b 670 (149) 603 (84) 657 (239) 690 (140) 655 (109) 

3b 728 (180) 665 (140) 786 (116) 733 (178) 
 

715 (162) 

Post-tDCS  Overall atDCS/control stDCS/control atDCS/HA stDCS/HA 

N  55 16 12 13 14 

Response Accuracy 1b 95.1 (6.8) 95.66 (7.72) 97.22 (4.1) 93.8 (8.42) 93.8 (5.98) 

 2b 76.4 (14.6) 86.4 (15.17) 82.4 (11.9) 86.54 (12.2) 81.7 (14.2) 

 3b 63.4 (20.84) 72.3 (20.42) 58.1 (16.43) 63.46 (22.4) 57.74 (21.7) 

Reaction Time 1b 587 (108) 555 (123) 589 (121) 597 (84) 612 (108) 

 2b 672 (157) 626 (134) 657 (239) 649 (125) 715 (177) 

 3b 714 (196) 647 (210) 786 (116) 699 (192) 
 

764 (200) 

N = sample size; atDCS = anodal tDCS; stDCS = sham tDCS; control = control group; HA = High Trait Anxiety group, 1b = 1 back; 2b = 2 

back; 3b = 3back.



 

 145 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 5.2 Response Accuracy (% of correct responses) and reaction time 
(milliseconds) for 55 participants of the adaptive N-back task completed during their 
tDCS session (anodal or sham). Error bars represent stand error of the mean. 
 

Electrophysiological Results 

To identify the maximal distribution of each ERP component, two 3 x 3 x 2 ANOVA 

(load by site by time) were conducted for each of the two amplitude dependent 

variables, the P2 amplitude and P3b amplitude, at midline sites (Fz, FCz Cz, Pz). The 

P2 component mean amplitude did not vary by site, F (3,162) = 1.035, p = .38, !!" = 

.02. However, numerically the voltage of the P2 mean amplitude was largest at FCz, 

(m= .91, SD = 1.5), relative to Fz, (m= .68, SD =  1.7), Cz, (m= .83, SD = 1.) and Pz 

(m= .66 , SD = 1.8). The P3b component mean amplitude varied by site, F (3,162) = 
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25.6, p  < .001,  !!" =. 32 , whereby P3b mean amplitude was largest at Pz, (m= 2.18 , 

SD =  2.67), relative to Fz, (m= -.42, SD = 2.37), FCz, (m= -0.06, SD = 1.94) and 

Cz, (m= .86, SD =  2.2). Given P2 and P3b are characteristically distributed 

frontocentrally and parietally in response to target trials of the N-back task, P2 was 

measured at FCz and P3b was measured at Pz.  

The grand average waveforms across the midline sites are presented in Figure 5.3 

and Figure 5.4. The distribution of components across the midline sites is presented 

in bar graphs in Figure 5.5. Table 5.2 presents descriptive statistics for the P2 and P3 

components. Grand average waveforms and bar graphs representing the P2 and P3 

components by experimental condition are presented in Appendix C. 
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Figure 5.3 Baseline (pre-tDCS)  grand average waveform to target trials at midline sites, for each N-back condition. Amplitude in voltage is 
displayed on the Y Axis and milliseconds on the X axis. P2 mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude 
(270-450ms) was maximal at Pz 
 

P2 

P3 
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Figure 5.4 Post-tDCS grand average waveform to target trials at midline sites, for each N-back condition. Amplitude in voltage is displayed on 
the Y Axis and milliseconds on the X axis. P2 mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was 
maximal at Pz. 
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Figure 5.5 The P2 component mean amplitude (above) and the P3b component mean 

amplitude (below) measured within the time windows of 120 ms – 250 ms and 270 

ms – 470 ms, based on Keeser et al., (2011). Mean amplitude in voltage is presented 

on the y axis and the midline sites are presented on the x axis. Error bars represent 

standard error of the mean.
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Table 5.3. Mean and standard deviation values for individual averaged mean 

amplitude and peak latency of the P2 and P3b components, expressed as mean 

(standard deviation). Values are provided for the parametric N-back task overall and 

by level of N-back load. Mean amplitude is measured in voltage and peak latency is 

measured in milliseconds. The baseline electrophysiological measurement is 

presented in the top half of the table and post-tDCS electrophysiological 

measurement is presented in the lower half of the table. 
 

 Site Overall 1 back 2 back 3 back 

P2 Mean 
Amplitude 

Fz .54(1.64) .73(1.77) .33(1.55) .56(1.54) 
FCz .91(1.45) 1.16(1.54) .67(1.45) .89(1.36) 
Cz .85(1.44) .95(1.5) .67(1.34) .94(1.49) 
Pz .69(1.45) .82(1.45) .54(1.27) .7(1.62) 

P2 Peak 
Latency 

Fz 182(38) 187 (37) 177(37) 183(41) 
FCz 180(37) 186(35) 175(37) 180(41) 

Cz 188(45) 197(45) 178(42) 188(47) 
Pz 204 (60) 213(60) 200(62) 198(60) 

P3 Mean 
Amplitude 

Fz -.4(2.37) -1.17 -.3(2.17) -.16(2.03) 
FCz -.06(1.94)  -.37(2.42) .05(1.73) .14(1.68) 
Cz 0.84(2.11) 1.2(1.84) .7(1.92) 0.81(2.0) 

 Pz 2.18(2.67) 3.47(2.34) 1.59(2.21) 1.62(2.41) 
P3 Peak 
Latency 

Fz 352(60) 339(58) 352(57) 363(64) 
FCz 361(66) 345(56) 360(68) 378(73) 
Cz 413(91) 366(61) 440(107) 432(91) 
Pz 367(62) 371(64) 379(63) 351(59) 

 Site Overall 1 back 2 back 3 back 

P2 Mean 
Amplitude 

Fz .68(1.74) .5(1.78) .8(1.65) .73(1.79) 
FCz .92(1.54) .82(1.49) .91(1.47) 1.02(1.66) 
Cz 0.8(1.59) .83(1.61) .54(1.37) 1.03(1.8) 
Pz 0.66(1.77) .95(1.8) .31(1.61) .72(1.89) 

P2 Peak 
Latency 

Fz 184(39) 182(38) 186(42) 183(39) 
FCz 185(39) 184(39) 185(41) 186(35) 
Cz 193(46) 197(49) 190(48) 191(41) 
Pz 204(60) 212(61) 197(58) 199(56) 

P3 Mean 
Amplitude 

Fz -.25(2.32) -1.24(2.4) .25(2.14) .23(2.4) 
FCz -.07(1.94) -.75(2.1) .03(1.81) .11(1.73) 
Cz -.25(2.32) .85(2.2) .68(1.97) .79(2.71) 

 Pz 2.14(3.04) 3.39(3.14) 1.54(2.43) 1.47(3.6) 
Fz 355(61) 346(66) 352(59) 368(64) 



 

 151 

 Site Overall 1 back 2 back 3 back 
P3 Peak 
Latency 

FCz 353(66) 336(61) 365(68) 358(59) 
Cz 434(111) 442(108) 435(112) 424(111) 
Pz 368(59) 379(52) 372(59) 354(65) 

 

P2 component 

  Two 3 x 2 x 2 x 2 (load x tDCS condition x trait anxiety x time) mixed 

ANOVAs were conducted for both P2 amplitude and latency at FCz. The responses 

were characteristic of a parametric N-back task. Consistent with expectations for the 

P2 amplitude, there was no effect of load on the P2 component, F (2, 102) = 1.708, p 

= .186, !!" = 03. There was an effect of tDCS and time on P2 mean amplitude, F (2, 

102) = 6.12, p = .02, !!" = .12, whereby there was no difference in P2 mean 

amplitude between the atDCS (M =0.84, SD =  1.4) and stDCS (M =0.97, SD = 1) 

conditions at baseline, t (56) = 0.86 p = .39, d = 0.14, though P2 mean amplitude was 

significantly reduced post-atDCS (M =0.51, SD = 0.22) relative to post-stDCS (M 

=1.34, SD = 0.27), t (56) = 2.50, p = .02, d = 3.38. Neither the amplitude reduction 

post-atDCS, nor the amplitude enhancement post-stDCS, represent a significant 

change from baseline P2 amplitude, t (56) = 1.8, p = .08, d =-.29; t (56) = 1.7, p = 

.09, d =.4. There was no evidence that this tDCS effect on P2 mean amplitude was 

influenced by trait anxiety. Figure 5.6 demonstrates the difference in P2 mean 

amplitude that developed post-tDCS as a function of tDCS. 

  There was an interaction of trait anxiety and increasing load on P2 peak 

latency, F (1, 51) = 4.0, p = .02, !!" = .07, linear, F (1, 51) = 8.51, p = .01, !!" = .14 . 

As demonstrated in Figure 5.7, P2 peak latency differed as a function of trait anxiety 

with increasing load which was most evident at 3 back. However, the mean 

difference in peak latency did not reach significance in post hoc analysis, t (56) = 
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1.6, p = .12, d = 2.54. A between-subjects interaction of tDCS and trait anxiety on P2 

amplitude appeared to be developing, though this effect did not reach significance F 

(1, 51) = 3.66, p = .06, !!" = .07. Figures 5.8 and  5.9 demonstrate the reported effects 

of tDCS and trait anxiety on the P2 component. Figures. 5.8 and 5.9 present the P2 

mean amplitude and peak latency means with standard error of the mean. 
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Figure 5.6. P2 mean amplitude (pre-test – post-test). The blue line represents 

participants who received atDCS and the orange line represents participants who 

received stDCS. The error bars reflect standard error of the mean. 
 

 

 

 

 

 

 

 

 

 

Figure 5.7 P2 peak latency (in milliseconds on the Y axis) in the low and high trait 

anxiety groups at each level of N-back load. The difference in P2 peak latency 

developed with increasing load, evident at 3 back. However, the mean difference at 3 

back did not reach significance. Error bars represent standard error of the mean.
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Figure 5.8. P2 component mean amplitude (y axis) at FCz, 1 back (top graph), 2 back 

(middle graph) and 3 back (bottom graph). Error bars represent standard error of the 

mean. 
 



 

 155 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.9 P2 component peak latency (y axis) at FCz, 1 back (top graph), 2 back 

(middle graph) and 3 back (bottom graph). Error bars represent standard error of the 

mean. 
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P3 component 

  Two 3 x 2 x 2 x 2 (load x x tDCS condition x trait anxiety x time) ANOVAs 

was conducted for both P3b amplitude and latency at Pz. The responses were 

characteristic of a parametric N-back task. As expected, there was a main effect of 

load on P3b mean amplitude at Pz, F (2, 102) = 44.691, p < .001 !!" = .47, where P3b 

amplitude attenuated as WM load increased from 1-back (M = 3.47, SD = 2.34) to 2-

back (M =1.59, SD= 2.12), t (56) = 7.59, p  > .001, d = 2.06,  though there was no 

difference between 2-back (M =1.59, SD = 2.12) and 3-back (M= 1.61, SD= 2.12), t 

(56) = .2,  p = 1, d =.02.  There was also an effect of load on P3 peak latency, F (2, 

102) = 13.35, p < .001, !!" = .21, where the component latency occurred later at 2-

back  (M = 429.5, SD = 80.1) relative to 1-back, (M = 402.8, SD = 66.3) t (56) = -

27.2,  p = .009, d = 5.4 , though unexpectedly, occurred earlier at 3-back (M= 380.9, 

SD =  72) relative to 2-back,  t (56) = 4.72,  p <.001, d = 1.3. There was no evidence 

of a difference in P3b mean amplitude from baseline to post-tDCS, however, there 

was an effect of time on P3b peak latency, F (2, 102) = 9.31, p <.001, !!" = .15, 

whereby P3b peak latency occurred earlier post-tDCS at 3-back  (M = 400.2, SD = 

11.6)  relative to baseline (M =410.2 SD = 11.9), t (56) = 3.32,  p = .002, d = .41. 

Consistent with expectations, there was no effect of tDCS or trait anxiety on the P3b 

component in terms of mean amplitude or peak latency. Figures. 5.10 and 5.11 

present the P3 mean amplitude and peak latency means with standard error. 
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Figure 5.10. P3b component mean amplitude (y axis) at FCz, 1 back (top graph), 2 

back (middle graph) and 3 back (bottom graph). Error bars represent standard error 

of the mean.
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Figure 5.11 P3b component peak latency (y axis) at FCz, 1 back (top graph), 2 back 

(middle graph) and 3 back (bottom graph). Error bars represent standard error of the 

mean.
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Post-hoc power analyses 

  Power analyses were conducted with G*Power 3 (Faul, Erdfelder, Lang, & 

Buchner, 2007), based on partial eta-squared statistics from the reported effects of 

tDCS, and task type on the behavioural and ERP dependent variables. The analysis 

indicated that a sample of 17, with an alpha level is set to 0.05 and power (1- b) of 

0.8, would be sufficient to reliably detect the effect of time (baseline and post-tDCS) 

on response accuracy. Using the same alpha and power levels, a sample of 38 would 

be sufficient to reliably detect the two reported effects on the P2 component: an 

interaction of tDCS and time (baseline and post-tDCS) on P2 mean amplitude, and 

an interaction of increasing load and trait anxiety on P2 peak latency. However, the 

marginal between subjects’ interaction of tDCS and trait anxiety on P2 mean 

amplitude would require a larger sample size, n = 156 using the same alpha and 

power levels, to reliably detect and interpret this effect. A sample of this size would 

be required to reliably detect and interpret the interaction of tDCS, trait anxiety and 

response accuracy. In our sample (n = 55), the observed power (.47) of this marginal 

between subjects’ effect was not better than chance. The implications of small 

sample size and statistical power on some, but not all, of the reported findings in this 

section are considered in the discussion.
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5.3 Discussion 
  This study investigated whether electrophysiological indices of poor attention 

control, known to occur in the context of high trait anxiety, moderate the effect of 

atDCS to the DLPFC. First, it was important to characterise the pattern of attentional 

control deficits on the P2 component in the context of high trait anxiety as being 

consistent, either with a processing deficit or with compensatory processing 

(Berggren & Derakshan, 2013; Righi et al., 2009). Following this, an evaluation of 

how trait anxiety influenced response to tDCS was presented. 

 

Evidence of compensatory processing on the P2 component baseline 

 There was some evidence of compensatory processing in the high trait 

anxiety group at baseline, where characteristics of the P2 component at baseline were 

impacted by high trait anxiety, in the context of no apparent difference in 

behavioural responses (Berggren & Derakshan, 2013). Specifically, we observed 

longer P2 peak latency (FCz) under low load conditions in the high trait anxiety 

group relative to controls, in the absence of a corresponding effect of trait anxiety on 

behavioural markers at baseline. This effect of high trait anxiety on the P2 peak 

latency is partially consistent with the literature reviewed in this chapter. For 

example, the effect of trait anxiety interacted with load (specifically low load); 

consistent with the findings of Bishop and colleagues (2009) who also reported that 

that their physiological marker of poor attentional control in high trait anxiety (an 

underactive DLPFC) was present under low load conditions. However, the effect of 

trait anxiety on peak latency in this study differs from that reported by Yuan and 

colleagues (2016). In their study, Yuan and colleagues found that high trait anxiety 

was associated with a larger P2 mean amplitude, rather than the delayed peak latency 
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that we found in this study, paired with no change on other ERP components or 

behavioural responding to the N-back task. Importantly, this previous study differs 

from the current study in terms of the presence of an experimental factor, designed to 

induce higher levels of participant stress (exam preparation; Yuan et al., 2016).  

Given that delayed latency of cognitive ERP components can be markers of slower 

processing efficiency (Segalowitz & Barnes, 1993), perhaps the reported P2 effects, 

by Segalowitz (1993) and Yuan and colleagues (2016) and in the current study, 

represent different consequences of high trait anxiety on the P2 component. This 

pattern on the P2 component and behavioural responses may reflect anxiety-related 

slower processing efficiency and compensatory effort, sufficient for maintaining 

WM performance under low levels of WM load, until WM load exceeded the limits 

of this compensatory effort (Berggren & Derakshan, 2013).  

 

Behavioural markers were modulated trait anxiety 

  There was an effect of trait anxiety on response accuracy, whereby the high 

trait anxiety group were less accurate with increasing load, consistent with 

expectations for a cohort who demonstrated potential ERP markers of compensatory 

processing at baseline. This finding could indicate that eventually, increased WM 

load exceeded compensatory effort, which has been documented in the literature 

(Ansari & Derakshan, 2011a). Additionally, an effect of anxiety and tDCS on post-

intervention response accuracy appeared to be developing, but did not reach 

significance in our sample. Power analyses indicated that a larger sample would be 

needed to reliably detect whether this effect would become a meaningful difference 

in a larger sample. Whilst this effect did not reach significance, we took note of the 

general direction of the effect, with the view to consider whether this difference 
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appeared to be a sensible one. We noticed that the difference appeared to be 

developing in the high trait anxiety group, where performance gains in response 

accuracy post-tDCS were larger in the participants who received atDCS, relative to 

stDCS. This pattern appeared to be sensible, as it could be consistent with a 

ceiling/floor effects explanation, where low performers simply have more room to 

improve than high performers. As there was no difference in response accuracy at the 

between groups level, it was also unlikely that the interaction effect would be better 

explained by baseline differences in response accuracy. Equally, this emerging 

pattern could also be consistent with a signal-to-noise explanation, whereby the 

tDCS signal interacts with the task-relevant signal during WM processing, and may 

either facilitate or inhibit WM processing as a function of how near to optimal the 

task-relevant neural activity was prior to the addition of tDCS (Bortoletto et al., 

2015; Romero Lauro et al., 2014). However, a power analysis indicated that it would 

be important to investigate whether this effect develops or reduces in a larger sample. 

What we can take from this pattern, in the context of the existing literature, is that 

baseline individual differences may have a role in how tDCS effects develop, which 

has been documented previously, though the findings were equivocal in terms of 

whether low or high WM performers respond to tDCS (Benwell, Learmonth, 

Miniussi, Harvey, & Thut, 2015; Sparing et al., 2009; Tseng et al., 2012). Further, 

we did observe some signs that the high trait anxiety cohort appeared to experience 

slower processing efficiency and compensatory processing under low load, a 

difference which was later overwhelmed by increased WM load (Berggren & 

Derakshan, 2013; Segalowitz & Barnes, 1993). It would be valuable for future 

research to replicate this type of study, whereby a high trait cohort, who are 

characterised by non-context-related everyday cognitive complaints and have more 



 

 163 

to gain from attentional control/WM processing intervention than controls (Bishop, 

2009), and could potentially receive a benefit from the combination of task practice 

and tDCS.  

 

The P2 component was modulated by high trait anxiety and tDCS 

  As previously mentioned, there was evidence of a delayed P2 peak latency 

secondary to high trait anxiety, interpreted as a possible marker of less efficient and 

more effortful target classification in this cohort, co-occurring with previously 

mentioned behavioural and electrophysiological markers of compensatory effort. 

Independent of these moderations to the P2 component as a function of trait anxiety, 

there was also evidence of tDCS effects on the P2 component. P2 mean amplitude 

was significantly reduced post-atDCS relative to post-stDCS, in the context of no 

difference between tDCS groups at baseline. This pattern may indicate that the 

addition of atDCS signal to the task-relevant neural network facilitated increased 

effortful control of attention relative to the sham condition (Benwell et al., 2015; 

Crowley & Colrain, 2004). In the context of the marginal effect of atDCS and high 

trait anxiety on response accuracy, the overall effect of additional atDCS signal for 

WM performance may be dependent on the level of activation within task-relevant 

neural network (Bortoletto et al., 2015).  

  In this study and in the previous chapter (chapter 4), tDCS preferentially 

modulated the load-insensitive P2, rather than the load-sensitive P3b component. The 

specific effect of tDCS on the P2 component was not consistent across both studies, 

that is, in chapter 4, P2 mean amplitude at Cz was reduced following stDCS relative 

to atDCS in the control condition (static low load), whereas in chapter 5, the post-

tDCS P2 mean amplitude was larger following stDCS relative to atDCS. Whilst 
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methodological limitations of this thesis, particularly study design and sample size 

factors, preclude specific interpretations related to the impact of tDCS on the P2 

component, it is important to the rationale and hypothesises of the thesis overall to 

notice the consistent impact in both chapters of tDCS on the load insensitive P2 

component, and not the load-sensitive P3b component.  Given the literature review in 

Chapter 1 motivated a rationale whereby tDCS might theoretically be expected to 

impact the P3b component specifically, there is tentative evidence, with 

consideration for the limitations, across Chapters 4 and 5 collectively that tDCS may 

not target the P3b component directly despite WM load manipulations. Whilst the 

evidence here is unpowered, there is some suggestion that tDCS may preferentially 

target the early-occurring, load-insensitive attentional control processes within WM 

relative to the later occurring, load-sensitive WM updating processes, which warrants 

exploration in future research. A specific tDCS effect on the P2 component would be 

consistent with previous examples of offline tDCS, preferentially modulating the 

resting-state P2 amplitude rather than the P3b amplitude (Keeser, Padberg, et al., 

2011). Also consistent with chapter 4 is the effect of task practice on behavioural 

markers and P3b latency, suggesting that the effects of tDCS and the effects of 

adaptive training were not additive. In the context of an overall improvement in 

performance and associated P3b changes secondary to task-practice, this result 

suggests a general, rather than task-specific, effect of tDCS on executive-level 

processing in WM. This finding would also be consistent with the signal-to-noise 

hypothesis of non-linear, non-additive interactions between task- and tDCS-induced 

neural activation (Bortoletto et al., 2015; Romero Lauro et al., 2014). The ERP 

patterns in response to experimental manipulations observed in particularly in 

chapters 4 and 5 of the thesis, where tDCS effects were observed on the P2 
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component whilst task practice effects were observed on the P3b component, with 

consideration for the limitations of the studies and the original thesis hypotheses, will 

be expanded upon in the general discussion.  

Limitations 

  The addition of a pre-tDCS measure of electrophysiological and behavioural 

responding to the N-back task in this chapter was beneficial for increasing the 

sensitivity of the study design for detecting subtle effects, and for the interpretation 

of how tDCS and trait anxiety influenced the P2 component. However, a power 

analysis identified that for future research investigating the influence of tDCS in two 

different cohorts, it would be important to increase the sample size in the context of a 

between-groups design. Sample size and statistical power issues have been discussed 

consistently throughout the thesis, and we will revisit this issue again, discussed 

together with other methodological limitations in the general discussion (chapter 6) 

in terms of the impact of methodological limitations on the research program more 

broadly. 

  The effects of both trait anxiety and tDCS on the P2 component in this study 

appear to be consistent with previous ERP and neuroimaging literature that has 

identified an attentional control vulnerability secondary to high trait anxiety (Ansari 

& Derakshan, 2011a; Balderston et al., 2018; Balderston, Vytal, et al., 2017; Bishop, 

2009). However, these tDCS and trait anxiety-induced modulations of the P2 

component occur in the context of limited previous literature on the P2 component as 

it relates to attentional control and WM processing (Crowley & Colrain, 2004; 

Lefebvre et al., 2005). The implication of limited literature on the P2 component in 

the context for this current study is that the interpretations of the P2 component 

modulations are necessarily cautious. In terms of the N-back task, previous literature 
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tends to focus on the modulation of the P3b component, in response to stimuli type 

(task-relevant or non-task-relevant processing) or WM load variations (Polich, 

2007). Here and elsewhere in this research program, the load-sensitive P3b 

component was modulated by WM load as expected, though it was resistant to the 

influence of both tDCS and trait anxiety. Therefore, in the general discussion to 

follow, the benefit of analysing the task-relevant P2 component in the context of the 

N-back task will be discussed in more detail. 

 

Summary 

  In conclusion, both tDCS and trait anxiety modulated characteristics of the P2 

component, though not the P3b component. These effects occur in the context of a 

lack of statistical power to examine some interactions of tDCS and trait anxiety on 

response accuracy and the P2 component, that did not reach significance, but 

appeared to be developing in a sensible pattern. Whilst sample size and a lack of 

power have impacted on our interpretation of specific effects of the trait anxiety and 

tDCS manipulations, this study does suggest that the two WM sub-processes (P2 and 

P3b) respond differently to the influence of task practice, WM load, trait anxiety and 

tDCS. This insight from the ERP point-of-view highlights the complexity of the WM 

system as a composite construct. The complexity of the WM system, where the sub-

processes appear to respond differently to different experimental factors, may 

contribute to understanding why the effects of tDCS on behavioural responding tend 

to be difficult to detect and inconsistent in the WM literature more broadly. 
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Chapter 6: General Discussion 
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6.1 Chapter Overview 
In this chapter, the overall aims of this research program are presented, 

followed by a summary of the main findings of each experiment. Four key 

implications of this research program are then presented, with consideration where 

appropriate for the limitations and future research suggestions that relate directly to 

each contribution. The overall limitations of this research program are then discussed 

as well as suggestions for overcoming these challenges in future. The ways in which 

the overall findings can inform future research will be discussed, followed by some 

concluding remarks. 

6.2 Thesis Summary 
  The overarching aim of the research presented in this thesis was to investigate 

WM processing, given that WM is a capacity-limited system that is variable in the 

general population and vulnerable in a number of clinical cohorts (Austin et al., 

1999; Hayes et al., 2008; Miyake & Shah, 1999; Unsworth & Engle, 2007). Within 

the extensive WM enhancement literature (Brunoni & Vanderhasselt, 2014; Ruf et 

al., 2017), tDCS is a popular tool for modulating WM-related neural activity with the 

view to enhance WM processing (Mancuso et al., 2016). A notable issue within the 

tDCS-specific WM enhancement literature is that the presence and magnitude of 

tDCS effects on WM performance vary substantially (Horvath et al., 2015). From a 

methodological point of view, several sources of variance have been proposed as 

potential contributors to the inconsistent effects of tDCS on WM (Brunoni & 

Vanderhasselt, 2014; Dedoncker et al., 2016; Hill et al., 2016; Mancuso et al., 2016). 

This thesis intended to specifically consider both methodological and experimental 

factors that may contribute to tDCS modulation of WM, using the ERP technique. 
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Whilst electrophysiological measures have been combined with tDCS in the past, a 

novelty of this research program is the specific use of the ERP technique to 

investigate tDCS effects on WM at sub-process level. 

  In order to investigate how tDCS impacts the WM system using the ERP 

technique, from a neurocognitive point of view, it was relevant at the outset of the 

research program to review the cognitive and ERP literature that examines how 

information is processed in WM. This review of the contemporary cognitive models 

of WM emphasised that multiple executive functions are critical for facilitating goal-

oriented information processing in WM, though these executive functions are 

restricted by capacity limitations (Miyake & Shah, 1999). The capacity limitations of 

WM are evident at a behavioural level, where response accuracy and reaction time 

reliably decline in response to increased WM load (Kane, Bleckley, Conway, & 

Engle, 2001). From an ERP point-of-view, it is additionally evident that in response 

to increased WM load, the capacity limitations of WM manifest on some, though not 

all, ERP components (Chen et al., 2008; Dong et al., 2015; Vilà-Balló et al., 2018). 

In average, the cognitive literature demonstrates that WM load influences how 

information is processed in WM, due to the capacity limitations of WM-related 

executive functions. The ERP-specific WM literature additionally suggests that WM 

sub-processes respond differently to WM load manipulations. A sequence of 

experiments was designed to investigate how tDCS affects WM processing and 

whether tDCS effects are related to the changes in WM processing that occur in 

response to increased WM load. 

  It is well understood from a neuroimaging point-of-view that information 

processing in WM, and the neural underpinnings of WM processing, are modified by 

the WM load of the task in the context of capacity limitations (Braver et al., 1997). 
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Whilst verbal and visual material tend to be lateralised to the left and right 

hemispheres respectively, bilateral recruitment of the DLPFC is necessary to support 

WM performance under high WM load (Callicott et al., 1999). Despite this, 

conventional anodal (facilitatory) tDCS protocols place the anode over the DLPFC in 

the indicated hemisphere, and the cathode at an anterior location, commonly the 

contralateral orbit (Fregni, Boggio, Nitsche, et al., 2005; Utz et al., 2010). From this 

perspective, it was hypothesised that the inhibitory stimulation from the cathode 

could potentially mask the faciliatory effects of tDCS under high WM load. 

Therefore, study 1 (chapter 3) investigated the implications of cathode location on 

tDCS effects, by comparing two different cathode locations in the context of the 

anode placed at the left DLPFC. Participants were allocated to either the 

conventional tDCS montage or a comparison condition, where the cathode was 

placed at the inion. ERPs were elicited in response to a parametric N-back task 

immediately following the tDCS protocol manipulation. The P2 and P3b components 

were present in the grand average waveform, and the expected attenuation of P3b 

secondary to increasing load was present. The findings of this study were partially 

consistent with the masking effect hypothesis, where we found no overall effects of 

tDCS and no effects of cathode location on WM performance (behavioural 

responding), though an effect of tDCS and of cathode location was evident on the 

P3b component. Methodological limitations, which limited our interpretation of 

these experimental effects on the P3b component,  were recongnised and discussed, 

with adjustments to the study design proposed for chapter 4.  Specifically, we chose 

to deliver tDCS online with a WM task, and to introduce a measure of WMC at 

baseline. It was anticipated that these adjustments may facilitate the detection and 

interpretation of tDCS effects on WM processing (ERPs) and performance 
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(behavioural responding). 

  Study 2 (chapter 4) investigated how tDCS influences the WM system from 

an ERP-point-of-view. Neurocognitive models of WM emphasise that WM load 

modulates overall WM performance and the P3b amplitude, secondary to the need to 

recruit additional executive resources to sustain the WM system (Polich, 1986; 

Shucard et al., 2009; Unsworth & Engle, 2007; Wintink et al., 1999).  Therefore, it 

was anticipated that tDCS delivered online with a high WM load task, may be more 

likely to modulate the load-sensitive P3b component (working memory updating), 

rather than the load-insensitive P2 component (attentional control). Two types of N-

back task were delivered concurrently with tDCS: an adaptive (high load) N-back 

task and a static (low-load) N-back task. Subtle indicators that baseline WMC may 

have confounded the response to tDCS and task performance was present in study 1. 

Accordingly, study 2 included an estimate of baseline WMC (Wechsler digit span 

backwards subtest; Wechsler, 1981) prior to the tDCS, and the adaptive N-back task 

was chosen for comparison to a static low-load task to account for individual 

differences in WM performance. Immediately following the task-type/tDCS 

manipulation, electrophysiological and behavioural responses were recorded in 

response to the parametric N-back task.  Per study 1, the P2 and P3b components 

were present in the grand average waveform, and the expected attenuation of P3b 

secondary to increasing load was present. Additionally, the adaptive N-back task had 

observable practice benefits compared to the static N-back task, consistent with 

expectations. However, there was no evidence of a beneficial effect of tDCS on 

either behavioural or electrophysiological markers. Unexpectedly, there was a 

selective effect of tDCS present on the P2 component mean amplitude. In the context 

of a between-subjects design and no behavioural effect of tDCS, it was difficult to 
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interpret the influence of tDCS on the P2 component. However, this result indicated 

that tDCS targeted the earlier occurring, load-insensitive P2 component, associated 

with attentional control, and did not have the same effect on the load-dependent P3b, 

associated with WM updating. Therefore, the influence of tDCS specifically on the 

P2 component was investigated further in study 3 (chapter 5).  

  In study 3 (chapter 5), a cohort known to vary in terms of attentional control 

and the P2 component were identified, in order to explore the specific effect of tDCS 

on the P2 component. Poorer attentional control has been observed in individuals 

endorsing high trait anxiety. From a neuroimaging perspective, poor attentional 

control in the context of high trait anxiety has been associated with underactivation 

of the DLPFC during WM processing, relative to controls (Balderston, Vytal, et al., 

2017). There is relatively less literature related to P2 component differences, 

secondary to high trait anxiety in a non-threat-related context. However, there is 

some evidence that the P2 component is affected, and the P3b component is spared, 

in anxious individuals processing non-threat-related information following a period 

of protracted exam stress (Yuan et al., 2016). Based on the findings of study 2 

(chapter 4) and the limited available literature in this area, it was anticipated that 

both tDCS and trait anxiety would modulate the P2 and spare the P3b component. 

Here, high trait anxiety was identified with self-report responses to the anxiety 

subscale of the DASS-21 (Lovibond & Lovibond, 1993), where symptoms were 

reported over the last month.  In order to facilitate the interpretation of modulatory 

effects on ERPs, pre-tDCS electrophysiological and behavioural responding to the 

N-back task were introduced to this study. All participants completed the same 

adaptive N-back task paired with tDCS, which was presented in study 2, followed by 

post-tDCS electrophysiological and behavioural responses to the parametric N-back 
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task.  

  Importantly, evidence of poorer attentional control, indexed by P2 component 

latency, in the high trait anxiety group was evident, relative to controls at baseline. 

The P2 component amplitude also reduced (a marker of increased efficiency) 

following atDCS relative to stDCS. Consistent with this ERP pattern, an effect of 

improved response accuracy post-atDCS was present specifically in the high trait 

anxiety group and the opposite pattern was developing in the control group, who 

showed greater improvement in response accuracy post-stDCS. However, this 

interaction between tDCS and trait anxiety in terms of response accuracy was weak. 

Whilst trait anxiety and tDCS modulated the P2 amplitude, and response accuracy to 

a lesser extent, WM load and task practice clearly modulated behavioural responding 

(response accuracy and reaction time) and the P3b component. Both behavioural 

markers and P3b mean amplitude were reduced in the context of increasing WM 

load, a pattern that was consistently observed in the previous experimental chapters 

of this thesis and is consistent with expectations in the literature (Wintink et al., 

1999). Additionally, we found that task practice leads to improved response accuracy 

from baseline to post-tDCS, and task practice was associated with an earlier 

occurring P3b latency post-tDCS compared to baseline. An earlier occurring P3b 

latency, in the context of performance improvement, is indicative of an increase in 

the efficiency of WM updating processes (Kok, 1997).  

  Collectively, these findings suggest that WM sub-processes, indexed by the 

P2 and P3b components, are differentially modulated by task practice, WM load, 

trait anxiety and tDCS. Specifically, the P2 component was affected by trait anxiety 

and tDCS, whereas the P3b component was affected by task practice and WM load. 
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6.3 Discussion of Main Findings 
6.3.1 tDCS Modulates Some, but not all, ERP correlates of Working Memory 

Sub-processes 

   There is extensive literature investigating tDCS modulation of WM as 

measured by WM-related behavioural responses (Hill et al., 2016). However, there is 

considerable variability within this literature, in terms of the presence and magnitude 

of tDCS effects on WM (Mancuso et al., 2016). With behavioural outcome 

measurement alone, it is difficult to characterise why tDCS effects on WM tend to be 

inconsistent and difficult to detect. In an attempt to address the inconsistent effects of 

tDCS on WM, several sources of variance have been proposed, including, though not 

limited to, heterogeneity of tDCS protocols, study designs, and outcome 

measurement (Hill, Fitzgerald, & Hoy, 2016; Horvath et al., 2015; Mancuso et al., 

2016). Whilst these methodological factors are important considerations, from a 

neurocognitive point-of-view, the variability in tDCS effects on WM may be related 

to the fundamental characteristics of the WM construct.  

  WM is fundamentally characterised as a composite system, where separate 

executive processes contribute to sustaining WM (Miyake & Shah, 1999). Further, 

the demand for these executive contributions to sustain WM is directly related to the 

design and load demands of a WM task. This is demonstrated by the fact that the 

specific combination of observed ERP components tends to differ according to the 

specific WM task, as well as its difficulty (Chen et al., 2008; Lefebvre et al., 2005; 

Polich, 2007). In other words, the information processing that characterises WM 

readily varies. Despite this, the idea that the inconsistent effects of tDCS on WM 

could reflect that tDCS modulates some WM sub-processes more than others has not 

been explored. A novelty of this research program at the outset was the use of the 

ERP technique to characterise tDCS effects on WM sub-processes. With this 
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approach, it was possible to identify differential effects of tDCS, WM load, task 

practice and trait anxiety on WM sub-processes in the context of the N-back task.  

  Across each experimental chapter, P3b mean amplitude was reliably 

modulated by WM load, whereby low WM load was associated with a larger P3b, 

which attenuated in response to moderate and high WM load. The attenuation of P3b 

in response to a WM load manipulation was characteristic of the N-back task, which 

likely reflects the reallocation of attention away from the simple matching of 

presented items to a target within the WM set, to the executive processes required for 

sustaining the WM set under high load conditions (Kok, 1997; Polich, 2007; Wintink 

et al., 1999). It was anticipated that the addition of atDCS would also influence the 

attenuation of the P3b component; the predominant characteristic of the task-relevant 

ERP waveform in response to the N-back task (Nikolin et al., 2018). A between-

subjects tDCS effect on P3b was present in chapter 3, however, due to 

methodological limitations, this effect was difficult to distinguish from baseline 

differences in WM capacity.  

  There was some suggestion in previous literature that tDCS had modulated 

behavioural responding uniquely on attentional control subtasks, rather than more 

complex WM updating subtasks (Andrews et al., 2011; Mulquiney et al., 2011), and 

had modulated the resting state P2 component in the context of no effect on the P3b 

(Keeser, Padberg, et al., 2011). However, it was still unexpected when, in study 2 

(Chapter 4), tDCS modulated the P2 component and spared the P3b. The tDCS-P2 

component effect observed in Chapter 4 was difficult to interpret and the most 

parsimonious explanation at that stage in the research program was that of small 

sample size and methodological limitations. Due to the unexpected nature of that 

result relative to the thesis hypothesis, that tDCS would modulate the P3b 
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component, it was important focus on the effect of tDCS on the P2 component 

Chapter 5. At the conclusion of Chapter 5, the same methodological limitations of 

the research program limited specific interpretation of the tDCS effect on the P2 

component. However, it was important for the overall hypotheses of the thesis to 

consider the results of Chapter 4 and 5 together, because collectively there was 

tentative evidence to challenge the expectation that was presented at the outset of the 

thesis; that tDCS paired with load manipulation would modulate the P3b component. 

Contrary to this prediction, modulating WM load consistently altered the P3b 

component in this research program, whilst tDCS appeared to modulate the P2 

component specifically. Additionally, in chapter 5, task practice modulated the P3b 

component and trait anxiety modulated the P2 component.  Therefore, whilst at the 

outset of the research program, it was evident that the P2 and P3b components 

differed in their sensitivity to load manipulations, at the conclusion of the research 

program, it was evident that the P2 and P3b components were also differentially 

modulated by task practice, tDCS and the information processing differences that are 

characteristic of high trait anxiety. Future research with adequate resources and 

statistical power is indicated to understand how tDCS may influence different 

working memory processes because this knowledge could contribute to 

understanding the heterogeneous findings in the WM/tDCS field more broadly. 

  From the ERP point-of-view, the observation that WM-related ERP 

components tend to be characteristically resilient or sensitive to different modulating 

factors highlights the complexity of the WM system as a composite construct. The 

cognitive models that informed this research program identify that multiple executive 

processes are required to sustain the WM system, and the relative input of these 

processes vary in response to task requirements (Kane & Engle, 2002; Oberauer, 
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2009; Unsworth & Engle, 2007). In addition to these principles, this research 

program demonstrated that modulating the relative input of these processes did not 

lead to direct benefits for WM performance post-tDCS. Whilst methodological 

limitations could be relevant to the lack of tDCS effects on performance in this 

research program (see section 6.7.3), there are also some relevant conceptual issues 

to consider regarding the relationship between WM processing, which has been 

demonstrated to be complex and multifaceted, and behavioural indicators of WM 

performance.  

6.3.2 Task Practice and tDCS do not Appear to be Additive in Modulating 
Working Memory 

  Throughout the research program, WM load and task practice were the two 

modulating factors that altered behavioural markers and the P3b component during 

the N-back task. In terms of behavioural markers, response accuracy reliably reduced 

with increasing load paired with a delay in reaction time, consistent with 

expectations in the literature (Gevins & Cutillo, 1993; Kirchner, 1958). These 

behavioural markers responded to task practice at the between-subjects level in study 

2 (chapter 4), where participants exposed to the adaptive N-back task demonstrated 

greater response accuracy, particularly under high WM load, relative to participants 

who were exposed to the static N-back task. Again, in study 3 (chapter 5), task 

practice led to greater response accuracy and faster reaction times, observable at the 

within-subjects level, secondary to the pre- and post-tDCS study design. These 

effects on behavioural markers cooccurred with an effect on the P3b component, in 

terms of amplitude and latency. Specifically, mean amplitude attenuated with 

increasing load to reflect the reallocation of resources away from target matching 

within the WM set, and shorter P3b peak latencies in chapter 5 indexed an increase 

in efficiency of information processing secondary to task practice (Kok, 1997; 
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Segalowitz et al., 2001). The P3b component was demonstrated in this research 

program to be closely related to behavioural markers, consistent with previous 

research that has emphasised the characteristics of the P3b component during the N-

back task (Chen et al., 2008).  

  It was anticipated, therefore, that the addition of atDCS, particularly when 

delivered online with a high WM load task, would modulate the load-sensitive P3b 

and behavioural responding (Chen & Mitra, 2009; Fregni, Boggio, Nitsche, et al., 

2005). However, the tDCS effects in study 2 (chapter 4) and study 3 (chapter 5) were 

consistently present on the load-insensitive P2 component, sparing the load-sensitive 

P3b. In terms of behavioural markers, tDCS effects were either not present (in study 

1 and 2) or, in study 3 (chapter 5), they were weak and did not reach significance. 

Whilst unaffected by tDCS, the P3b component, and not the P2 component, was 

modulated by task practice. This suggests that tDCS possibly had a general, rather 

than load-specific, effect on WM processing during the N-back task and was not 

additive to the benefits of high WM load task practice in the single-session context. 

This consistent observation across later two experimental chapters of the research 

program is contradictory to previous literature suggesting that tDCS and task practice 

under high WM load appear to be additive (Gill et al., 2015). One possible 

explanation for these apparently contradictory findings could be related to 

differences between this research program and the previous study in terms of 

outcome measures. When Gill and colleagues (2015) identified additive effects of 

high WM load task practice and tDCS, they indexed post-tDCS performance 

improvement with behavioural responding (increased response accuracy and faster 

reaction times) during the paced auditory serial addition task (PASAT). Despite 

being characterised in some studies as a measure of WM, the PASAT was originally 
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developed as a measure of speed of information processing, and later was identified 

as a measure of complex attention processes (Gronwall, 1977; Parmenter, Shucard, 

Benedict, & Shucard, 2006; Tombaugh, 2006). Further, in terms of 

electrophysiological correlates, the PASAT reliably elicits and modulates the 

amplitude of the frontally-distributed Processing Negativity component (PN), 

associated with sustained and focused auditory attention, in the context of no effect 

on the P2 component (Rogers & Fox, 2012). Therefore, the performance 

improvement observed during the PASAT, secondary to high WM load task practice 

paired with tDCS reported by Gill and colleagues (2015), may actually be indicative 

of tDCS effects on attentional processes, rather than WM maintenance and updating 

processes.   

 The non-additive effects of tDCS and high WM load task practice observed 

in this research program occurred in the context of a single online tDCS session. This 

finding does not preclude the possibility that tDCS and task practice could be 

additive, and therefore present on behavioural markers and the P3b component in the 

context of multiple sessions. To investigate whether or not the effects of tDCS and 

task practice become additive in a multiple session context, future research could 

measure electrophysiological markers of WM processing at multiple time points. For 

example, recording electrophysiological responding to an outcome measure at 

baseline, as well as following the first tDCS session, and again following multiple 

tDCS sessions, would allow for monitoring of tDCS and task practice effects as they 

develop over time. Albeit a resource-intensive design, this approach would allow for 

the comparison of single versus multiple session tDCS effects on ERPs. The 

measurement of single and multiple session tDCS effects could also contribute to 
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understanding whether additive effects of tDCS and task practice may be dependent 

on exposure to multiple tDCS sessions.  

6.3.3 Attentional Control has an Important Role in Sustaining the Working 
Memory System During the N-back Task 

The attenuation of P3b (WM updating) during the N-back has been subject to 

considerable investigation, given the modulation of this component is a predominant 

characteristic within the task-relevant activity waveform (Segalowitz et al., 2001; 

Watter et al., 2001; Wintink et al., 1999). Relative to extensive literature 

investigating the P3b component as a marker of working memory updating in 

response to the N-back task, the P2 component as a marker of attentional control 

during the N-back task has not been investigated to the same degree (Chen et al., 

2008; Lefebvre et al., 2005). However, this research program has identified that the 

P2 component, whilst not sensitive to WM load and task practice in the same way as 

the P3b, also plays an active role in sustaining the WM system during the N-back 

task. The importance of attentional control, indexed by the P2 component, to 

working memory processing during the N-back task became evident in study 2 

(chapter 4) and study 3 (chapter 5). Specifically, online tDCS paired with a high WM 

load N-back task consistently modulated the P2 component in both chapters. 

Additionally, the P2 component was influenced by high trait anxiety in study 3 

(chapter 5), in the context of this cohort demonstrating poorer task performance 

under high WM load relative to controls. It was proposed earlier that the P2 

component may be inherently more responsive to some modulating factors compared 

to others. Another consideration is that trait anxiety and tDCS modulated the P2 

component in this research program because attentional control may be as 

fundamental as WM updating to information processing during the N-back task.  

  Whilst the ERP literature has focused predominantly on the P3b component 
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and WM updating during the N-back task, the role of attentional control during the 

N-back task has been highlighted from a cognitive point-of-view. Lilienthal and 

colleagues (2013) administered a battery of WM tasks before and after 8 sessions of 

training on either an adaptive or static N-back task. Following the adaptive N-back 

task, participants demonstrated transfer effects to the running span task, characterised 

as a measure of attentional control. In contrast, there was no evidence of transfer 

effects to tasks that load more specifically on WM updating, shifting, or short-term 

memory (Lilienthal et al., 2013). A fundamental contribution of attentional control to 

the N-back task would be consistent with the Executive Attention theory of WM, 

where the control of attention, paired with WM capacity, theoretically underlies the 

temporal variability of maintaining information in WM (D’Esposito & Postle, 2015; 

Kane & Engle, 2002).  

  There are two implications of identifying the importance of attentional 

control to sustaining WM during the N-back task, evident via a cognitive approach in 

previous literature and via ERP modulations in this research program. First, this 

research program highlights the value of including analyses of the P2 as well as the 

P3b component during the N-back task, particularly for measuring the effects of 

tDCS on WM sub-processes. Few studies to date have investigated the effects of 

tDCS on electrophysiological markers of WM processing. In instances where 

electrophysiological measurement was included, the effects of tDCS on ERPs were 

recorded during a resting state post-tDCS, or only the P3b component was analysed 

or time-frequency analyses were conducted (Keeser, Padberg, et al., 2011; Nikolin et 

al., 2018; Zaehle et al., 2011). Additionally, few studies investigate the P2 

component as it relates to attentional control during the N-back task, therefore there 

is relatively limited literature to refer to for making an interpretation of modulations 
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in this component, secondary to tDCS and its relationship to WM performance 

(Keeser, Padberg, et al., 2011; Vilà-Balló et al., 2018; Yuan et al., 2016). It would be 

valuable for research to continue to analyse the P2 component during the N-back 

task, as this component is not as well understood as the P3b, and it appears to be 

important for understanding how tDCS effects WM processing.  

  Second, it may be important in terms of understanding how tDCS modulates 

WM to compare tDCS effects on ERPs in response to multiple WM tasks. It may be 

the case that tDCS effects present differently on ERP correlates of WM sub-

processes as a function of a) the WM task tDCS is delivered with, and b) the WM 

task used for outcome measurement. A challenge associated with measuring 

electrophysiological responding to multiple WM tasks is that WM tasks vary in 

terms of how suitable they are for recording ERPs. Tasks traditionally less suitable to 

the ERP technique have been modified in the past in order to record ERPs. For 

example, Lefebvre and colleagues (2005) modified the Digit Span task for 

compatibility with recording ERPs. This involved presenting the digit sequence in 

single-item format, consistent with the original version of the Digit Span task. 

However, the response requirements were modified to a forced-choice recognition 

format, rather than the traditional free-recall format, which was more amenable to 

being tagged with a response marker for the purposes of recording ERPs. The 

difference between recall and recognition has traditionally been investigated in terms 

of how these response formats moderate access to information in long-term memory 

(Gillund & Shiffrin, 1984; Tulving & Watkins, 1973). More recently, the influence 

of response format has also been shown to influence how information is accessed 

and maintained in WM (Kahana, Schneider, & Rizzuto, 2005; Oberauer, 2005). 

Therefore, in modifying a WM task in terms of either stimulus presentation or 
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response requirements for compatibility with the ERP technique, it could be argued 

that these modifications introduce scaffolding to the WM system. This may defeat 

the purpose of comparing tDCS effects across WM measures that traditionally differ 

in terms of WM sub-process involvement. Whilst the ERP technique has 

demonstrated value in identifying tDCS effects on WM at a sub-process level, the 

tDCS effects observed in this research program may be task-dependent. A difficulty 

inherent to investigating how tDCS modulates ERPs in different WM tasks may be 

related to balancing the need to modify tasks for ERP compatibility without 

modifying their demand on underlying WM sub-processes. 

6.3.4 Is tDCS a Suitable Tool for Enhancing Working Memory Performance? 

There is extensive literature investigating the potential that tDCS may 

facilitate WM enhancement (Mancuso et al., 2016). This area of research has 

developed, given that WM is critical for goal-oriented cognition, yet processing 

efficiency in WM is influenced by state-dependent, psychological, developmental 

and neurological factors. However, the beneficial effects of tDCS on WM processing 

in both healthy adult and clinical cohorts appear to be small-to-moderate at best (Hill 

et al., 2016; Mancuso et al., 2016). It is relevant to consider whether the findings of 

this research program can contribute to the broader discussion of how suitable a tool 

tDCS may be for enhancing WM performance. 

   Two following tDCS-specific implications arose from this research program. 

First, some WM sub-processes appeared to be more responsive to tDCS than others 

and second, the effect of tDCS and task practice in the single session context did not 

appear to be additive from an ERP point-of-view. Specifically, throughout the 

research program, WM load reliably modulated WM performance and the P3b 

component. In studies 2 and 3, the earlier-occurring, load-insensitive P2 component 
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was modulated by tDCS. In study 3, high WM load task practice specifically 

modulated the load-sensitive P3b component, and tDCS effects were present on both 

the P2 component and behavioural markers, though this tDCS/behaviour effect did 

not reach significance. Collectively, these findings highlight that WM load 

overwhelmingly modulates WM performance and the P3b component, consistent 

with literature that suggests that WM load and capacity limitations underlie the 

variability of WM processing (Callicott et al., 1999; Roberts & Pennington, 1996). 

These findings also suggest that task practice, but not tDCS, improved WM 

performance and processing efficiency in WM updating, indexed by the P3b 

component in the pre-post tDCS comparison in study 3. In contrast, WM load and 

task practice did not modulate the P2 component, which does appear to be sensitive 

to tDCS. In the context of facilitating WM performance, the overall findings of this 

research program would suggest that a desirable tool for modulating WM 

performance is one that is load-sensitive. Further, whilst tDCS appears to modulate 

the earlier-occurring attentional control sub-processes, this research program 

demonstrates that an effect of tDCS on attentional control does not necessarily lead 

to performance improvement under high WM load. Therefore, this research program 

has identified the possibility that tDCS may be a suitable tool for modulating more 

simple cognitive processes and possibly is insufficient, at least in a single session 

context, for facilitating enhancement in more complex WM updating processes. 

6.4 Limitations 
The aforementioned findings and overall contributions of this research program 

occur in the context of some limitations. Some of these limitations are conceptual or 

related to the literature more broadly, whereas others relate to the methodology of 

this research program. The conceptual and literature-related limitations have been 
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foreshadowed in the section above, in order to provide a balanced appraisal of the 

main contributions arising from this research program. However, these limitations, 

and suggestions to address them, will be discussed in greater detail here. 

Methodological limitations will then be discussed.  

6.4.1 Conceptual limitations 

  In this research program, task-relevant positive-going ERP components in 

response to the N-back task were elicited to identify two separate executive functions 

that contribute to the WM system. However, the broader cognitive literature on WM 

suggests there are several, and most likely overlapping,  executive functions that 

support WM (Chatham et al., 2011). A test battery of multiple WM tasks is 

recommended to discriminate between multiple executive functioning contributions 

to WM (Oberauer, 2009). By limiting the measurement of WM processing to the N-

back task in this research program, it is possible that the effects of tDCS on WM 

observed here were task-specific, rather than indicative of how tDCS effects WM 

processing more broadly. It may be the case, as has been previously suggested, that 

the N-back task loads more heavily on attentional control than other WM processes, 

which could underlie the impact of tDCS on the P2 component in this research 

program (Kane, Conway, Miura, & Colflesh, 2007; Lilienthal et al., 2013). However, 

as previously mentioned, adjusting WM tasks for compatibility with the ERP 

technique is likely to influence the task requirements and subsequent information 

processing within WM. Therefore, it may be important to select tasks that are, like 

the N-back task, inherently suitable in terms of stimulus presentation and response 

requirements for recording ERPs. For example, the N-back task and the Operation 

Span task share some similar characteristics between electrophysiological responses 

in terms of P3 amplitude, however, the complex operation span task appears to be 
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more taxing on WM maintenance and updating processes than the N-back task 

(Engle & Turner, 1989; Scharinger, Soutschek, Schubert, & Gerjets, 2017). By 

including a measure that maybe more sensitive to these later-occurring, complex 

processes, this could allow for investigation of whether tDCS effects on attentional 

control processes observed here were task-specific, or reflective of some WM 

processes being inherently more responsive to tDCS than others. This would be an 

important distinction to clarify, before we can more definitively comment on whether 

or not the evidence from ERPs suggests that tDCS is an appropriate tool for 

applications to WM enhancement.  

6.4.2 Literature-related limitations 

Despite an extensive literature investigating whether or not tDCS modulates 

WM, particularly in terms of whether tDCS can facilitate enhancement effects, this 

research program has highlighted a number of gaps in the literature related to how 

tDCS affects WM processing. Specifically, there is limited literature investigating 

the P2 component as it relates to attentional control in the context of the N-back task, 

compared to the P3b (Crowley & Colrain, 2004; Polich, 2007). This research 

program highlighted the active role of the P2 component to WM processing during 

the N-back task, and that this marker of attentional control processing is modulated 

by different factors to those that characteristically influence the P3b. However, the 

limited research in relation to P2 and the N-back task means that it is more difficult 

to comment on the relationship between tDCS, trait anxiety and WM processing and 

performance. Continuing to analyse the P2 component during the N-back task will be 

important for developing a better understanding of how this component relates to 

attentional control and WM processing.  
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6.4.3 Methodological limitations 

  Several methodological limitations were relevant to this research program. 

First, a between-subjects study design was used in all experimental chapters, where 

participants were allocated to one experimental condition of four. This study design 

has reduced statistical power relative to the counter-balanced, repeated measures 

study designs that are widely adopted in the tDCS/WM literature (Mancuso et al., 

2016). Therefore, it is possible that the lack of tDCS effects observed in this research 

program may be related to the experiments being underpowered, particularly in terms 

of detecting small-to-moderate effects of tDCS on behaviour. It may be the case that 

tDCS effects on behavioural markers would be demonstrated in in a larger sample 

than what was feasible to obtain during this project. The advantages of the repeated 

measures counterbalanced design, occuring secondary to having the same participant 

act as their own control, thus individual differences between experimental groups at 

baseline are accounted for. In this design, each participant completes all 

experimental and tDCS manipulations. The benefits of this study design include a) 

increased statistical power of within-subject analyses in the context of small sample 

size, b) the ability to control for individual difference factors, and c) convenience of 

participant recruitment (Greenwald, 1976). However, completing the same 

experiment multiple times has disadvantages (Riggall et al., 2015). For example, task 

practice reliably improves performance on WM tasks (Jaeggi et al., 2008; Shipstead 

et al., 2012; Zhao et al., 2013). Further, interactions between the treatment condition 

and practice may be non-linear in nature, whereby the combination of one tDCS 

condition (active or sham) with task practice influences responding to the next tDCS 

condition, which may not develop when tDCS conditions are reversed in a 

counterbalanced design  (Brunoni et al., 2011; Greenwald, 1976; Nilsson et al., 

2015). Additionally, whilst the carry over effects of the stimulation tend to be 
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controlled for by conducting experimental conditions on different days, this "wash 

out period" is unlikely to control for the participant’s subjective experience of both 

the active and sham stimulation sensations. Following exposure to both atDCS and 

stDCS, the participant is able to compare the two sensations, which has the potential 

to undermine the single-blind sham control. Research has shown that tDCS blinding 

was not effective when the same subject was exposed to both the active and the sham 

2mA tDCS conditions (O’Connell et al., 2012; Wallace et al., 2016). Therefore, 

despite the disadvantage of reduced statistical power associated with the between-

subjects design used here, the alternative, more frequently used and more statistically 

powerful, counterbalanced, within-subject designs also have several limitations. 

Rather than exposing the same participant to multiple tDCS conditions in the context 

of a counterbalanced repeated measures study design, it would be preferable to 

administer tDCS in a between groups design, with pre- and post-tDCS behavioural 

and ERP measurement, though in a larger sample than what was feasible within this 

research program. 

   Another methodological factor to consider is that the length of the testing 

sessions could influence tDCS effects. Each experimental session was either 1.5 or 2 

hours long, inclusive of time taken for questionnaires, EEG-setup, practice trials and 

testing time. Previous research has identified evidence that fatigue/motivation 

influences response to tDCS (Horvath et al., 2015), which is likely to become 

increasingly relevant in long testing sessions. Additionally, these state-dependent 

factors previously reported to mediate response to tDCS are more prevalent in 

negative mood states (Airaksinen, Larsson, & Forsell, 2005; Elliott, 1998). Given 

that half the participants recruited in study 3 (chapter 5) were selected on the basis of 

elevated vulnerability to anxiety (and approximately one third of this group also 
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endorsed elevated levels of depression and stress) these participants are also likely to 

be more susceptible, than controls to extraneous factors such as  fatigue, motivation 

and poor sleep that could have impacted response to tDCS (Horvath, Forte, & Carter, 

2015). As data related to these state-dependent factors were not collected during this 

research program, their potential influence could not be accounted for. Equally, it 

will be challenging for future research to reduce the length of the testing session, 

given the ERP technique necessitates a minimum number of trials for analysis. One 

possible solution could be to conduct baseline measurement on a separate day from 

the tDCS session and post-tDCS outcome measurement. 

  Despite being derived from similar previous research, there is also a 

possibility that the tDCS parameters selected for this research program influenced 

the overall lack of tDCS effects at a behavioural level. This possibility was presented 

in the discussion following study 1. At that time, it was recognised that 2mA for 

20min is a greater dose than delivering 1mA for 10 or 15min. However, it was 

recognised that current density was equivalent between the protocol used here other 

protocols where 1mA was demonstrated to have a greater effect on WM 

performance, due to differences in tDCS electrode pad circumference (Nikolin et al., 

2018). Additionally, it was also recognised at that time that a more sensitive study 

design was likely required to detect subtle effects of comparing different stimulation 

parameters, such as cathode location in study 1 (chapter 3). As it was the intention of 

this research program to examine how tDCS affects WM at the sub-process level, it 

was beyond the scope of this project to repeat a similar protocol-based experimental 

manipulation as was presented in chapter 3, accounting for the limitations associated 

with study design. Future research could continue to investigate the specific 

influence of protocol-related factors on the development of tDCS effects on WM. 
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However, the overall findings of this research program suggest that it may be 

important to examine the influence of protocol-related factors on the simple, earlier-

occurring cognitive processes, elicited during tasks of cognitive control, given tDCS 

consistently altered the P2 component, rather than the P3b, in this research program.  

6.5 Future Directions 
In this research program, WM processing was demonstrated to be complex and 

multifaceted, where two ERP-indexed sub-processes of WM responded differently to 

tDCS and other modulating factors (WM load, task practice and trait anxiety). These 

findings broadly suggest that the earlier-occurring, load-insensitive and 

comparatively less complex attentional control processes were more responsive to 

tDCS than the later-occurring, load-sensitive and more complex WM updating 

processes. This overall finding occurs in the context of previously mentioned 

considerations and limitations. Suggestions for addressing these concerns and, 

particularly, for investigating the possibility that tDCS effects could develop on the 

P3b component under different experimental conditions, have been presented in 

previous sections (6.4, 6.5, 6.7.1, 6.7.2, 6.7.3). In this section, we specifically 

consider the implications of the tDCS/P2 effect for future research, given that this 

contribution was unexpected and a notable novel contribution arising from this 

research program. 

The tendency for tDCS to modulate the P2 and spare the P3b in this research 

program may have implications for future research in terms of the type of cognitive 

activity that may be particularly suited to tDCS modulation. Specifically, tDCS 

effects may be more likely to occur at electrophysiological and behavioural levels 

when applied to attention-related or cognitive control processes. Therefore, it would 



 

 192 

be important to investigate whether a similar pattern of tDCS effects occurs on other 

experimental tasks known to elicit earlier-occurring ERP components associated 

with control and inhibition processes; for example the Stroop task, the Go No-go 

task, the Flanker task or the Anti-Saccade task. Extending this combined approach to 

other tasks is particularly important for ruling out the possibility that the selective 

effect of tDCS on P2 observed in the research program could be task specific.  

  In the final study of this research program, we targeted a cohort who 

endorsed high trait anxiety on the DASS-21 in order to access a subset of the general 

population likely to be more vulnerable to poor attentional control at baseline. In 

doing so, we identified that baseline differences in attentional control appear to 

influence behavioural response to tDCS, whereby the addition of tDCS to the task-

relevant neural activity appeared to be facilitatory in individuals with poor 

attentional control at baseline, consistent with a signal-to-noise explanation (Benwell 

et al., 2015; Bortoletto et al., 2015).  However, in recruiting a sample who endorsed 

high trait anxiety tendencies, using this approach, we possibly also captured 

individuals who were experiencing situational distress and whom would otherwise 

not endorse an enduring vulnerability to anxiety symptomatology. Considering that a 

signal-to-noise explanation appears to be a good fit for the pattern of behavioural 

responding to tDCS and trait anxiety in our final study, it may be valuable to 

investigate whether a cohort experiencing clinically-elevated levels of anxiety may 

demonstrate a similar or stronger response to tDCS, and to evaluate how response to 

tDCS develops across multiple sessions of tDCS.  

  The overall findings of this research program suggest that tDCS may be a 

valuable tool for modulating earlier-occurring, attentional control processes, 

particularly in a group who demonstrate a baseline vulnerability to poorer attentional 
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control. This outcome, therefore, provides support for exploring applications of 

tDCS to cognitive processes beyond WM, that are more relevant to the experience of 

elevated anxiety. For example, tDCS is being increasingly investigated as a potential 

tool for enhancing response to interventions designed to increase the focus of 

attention. There is preliminary evidence to suggest that atDCS may facilitate 

increased self-report attentional control in the context of a mindfulness-based 

intervention, which was delivered over three 20-minute sessions (Badran et al., 

2017). This interest in investigating whether atDCS can enhance the beneficial 

effects of mindfulness practice occurs in the context of an increasing recognition of 

the neurophysiological benefits of long-term meditation practice. Long-term 

meditation practice has been associated with increased grey matter density and 

frontal lobe integration, though our understanding of the relationship between such 

structural changes and the control of attention is still developing (Brefczynski-Lewis, 

Lutz, Schaefer, Levinson, & Davidson, 2007; Lutz, Slagter, Dunne, & Davidson, 

2008). Given that these neurophysiological benefits to focused attention mindfulness 

are not well understood at-this-time, there may be a beneficial role for the ERP 

technique to measure the impact of mindfulness practice on the ERP correlates of 

attentional control. Additionally, these neurophysiological benefits of focused 

attention mindfulness practice occur in the context of long-term practice (Carter et 

al., 2005). Therefore, there would be value in investigating whether tDCS can 

enhance the trajectory of acquiring increased attentional control following fewer 

mindfulness sessions in novices, as described by Badran and colleagues (2017). 

Similarly, tDCS has been applied to modulate the cognitive control of emotional 

reactions. Feeser and colleagues (2014) found that atDCS, compared to stDCS, 

modulated cognitive appraisal of negative or neutral images in both directions, 
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facilitating greater upregulation or downregulation of emotional reactions to the 

images, as measured by skin conductance and emotional arousal ratings. Both 

mindfulness-based and emotion regulation cognitive activity have more relevance to 

reducing the cognitive and physiological sequalae of elevated anxiety. If this cohort 

are indeed a suitable candidate for benefiting from tDCS intervention, then it would 

be relevant to explore whether tDCS can enhance the control-related cognitive 

processes that underlie psychological intervention for reducing symptoms of anxiety. 

6.6  Concluding Remarks 
  This research program intended to investigate the effects of tDCS on WM at 

a sub-process level, using the ERP technique. Across three experiments, two sub-

processes of WM responded differently to the influence of tDCS, WM load, task 

practice and information processing discrepancies inherent to trait anxiety. In the 

context of an extensive WM enhancement literature where tDCS effects on WM are 

inconsistent, these findings suggest that at least in part, the variability in tDCS 

effects on WM appears to be related to the complexity of the WM system, where the 

characteristics of some sub-processes are more responsive to tDCS than others. In 

particular, tDCS appears to modulate the earlier-occurring, load-insensitive and 

relatively less complex attentional control process and spares the later-occurring, 

load-sensitive and complex WM updating processes. Further, the addition of atDCS 

appears to be facilitatory, particularly in the context of effortful processing and low 

performance at baseline. These findings may contribute to understanding why the 

effects of tDCS on behavioural responding in the broader WM enhancement 

literature tend to be inconsistent and difficult to detect. This research program has 

demonstrated the value of indexing tDCS effects, as well as other experimental 
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manipulations, in terms of how they modulate the sub-processes of WM through the 

use of the ERP technique.  
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Appendix A: Chapter 3 Supplementary 
Figures 

In chapter 3, section 3.2, we presented the grand average waveform to target trials at 

midline sites, for each N-back condition. Here, we presented the grand average 

waveforms by experimental condition. Consistent with expectations, the P2 mean 

amplitude (120ms - 260ms) was maximal at Cz and the P3b mean amplitude (270 – 

450ms) was maximal at Pz. 
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Figure A1. Grand average waveform to target trials at midline sites, for each N-back condition, for the Contralateral group. The grand averaged 
waveforms of the group who received atDCS are presented on top, and the group who received stDCS are presented below. The midline sites are 
presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X axis. P2 
mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz 
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Figure A2. Grand average waveform to target trials at midline sites, for each N-back condition, for the Inion group. The grand averaged 
waveforms of the group who received atDCS are presented on top, and the group who received stDCS are presented below. The midline sites are 
presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X axis. P2 
mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz 
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Appendix B: Chapter 4 Supplementary 
Figures 

In chapter 4, section 4.2, we presented the grand average waveform to target trials at 

midline sites, for each N-back condition. Here, we present the grand average 

waveforms by experimental condition. 
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Figure B1. Grand average waveform to target trials at midline sites, for each N-back condition, for the Adaptive N-back group. The grand 
averaged waveforms of the group who received atDCS are presented on top, and the group who received stDCS are presented below. The 
midline sites are presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds 
on the X axis. P2 mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz. 
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Figure B2. Grand average waveform to target trials at midline sites, for each N-back condition, for the Static N-back group. The grand averaged 
waveforms of the group who received atDCS are presented on top, and the group who received stDCS are presented below. The midline sites are 
presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X axis. P2 
mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz. 
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Appendix C: Chapter 5 Supplementary 
Figures 

In chapter 5, section 5.2, we presented the grand average waveform to target trials at 

midline sites, for each N-back condition. Here, we presented the grand average 

waveforms by experimental condition. 
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Figure C1. Grand average waveform to target trials at midline sites, for each N-back condition, for the Low Anxiety group who received atDCS. 

Baseline (pre-tDCS) grand average waveforms are presented on top, and post-tDCS grand average waveforms are presented below. The midline 

sites are presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X 

axis. P2 mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz. 
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Figure C2. Grand average waveform to target trials at midline sites, for each N-back condition, for the Low Anxiety group who received stDCS. 

Baseline (pre-tDCS) grand average waveforms are presented on top, and post-tDCS grand average waveforms are presented below. The midline 

sites are presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X 

axis. P2 mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz. 
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Figure C3.  Grand average waveform to target trials at midline sites, for each N-back condition, for the High Anxiety group who received atDCS. 

Baseline (pre-tDCS) grand average waveforms are presented on top, and post-tDCS grand average waveforms are presented below. The midline 

sites are presented from most anterior to most posterior, left to right. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X 

axis. P2 mean amplitude (120-260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz. 
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Figure C4. Grand average waveform to target trials at midline sites, for each N-back condition, for the High Anxiety group who received stDCS. 

Baseline (pre-tDCS) grand average waveforms are presented on top, and post-tDCS grand average waveforms are presented below. The midline 

sites are presented from most anterior to most posterior, left to right. Baseline (pre-tDCS)  grand average waveform to target trials at midline 

sites, for each N-back condition. Amplitude in voltage is displayed on the Y Axis and milliseconds on the X axis. P2 mean amplitude (120-

260ms) was maximal at FCz and the P3b mean amplitude (270-450ms) was maximal at Pz. 
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Appendix D: DASS 21 Questionnaire 

Table A.1. DASS-21 items, presented by factor. The number beside each item refers 
to its chronological position in the questionnaire. Participants were instructed to 
respond on a Likert scale to indicate how much each statement applied to them over 
the last month. The Likert scale consisted of the values 0 to 3, where: 
0 = Never 
1 = Sometimes 
2 = Often 
3 = Almost Always 

DASS-21 Items 
Depression 
3.  I couldn’t seem to experience any positive feeling at all 
5. I found it difficult to work up the initiative to do things 
10. I felt that I had nothing to look forward to 
13. I felt down-hearted and blue 
16. I was unable to become enthusiastic about anything 
17. I felt that I wasn’t worth much as a person 
21. I felt that life was meaningless 
 
 
Anxiety 
2. I was aware of dryness of my mouth  
4. I experienced breathing difficulty (e.g. excessively rapid breathing, breathlessness in 
the absence of physical exertion) 
7. I experienced trembling (e.g. in the hands) 
9. I was worried about situations in which I might panic and make a fool of myself 
15. I felt I was close to panic 
19. I was aware of the action of my heart in the absence of physical exertion (e.g. sense 
of heart rate increase, heart missing a beat) 
20. I felt scared without any good reason 
 
Stress 
1. I found it hard to wind down 
6. I tended to overreact to situations 
8. I felt that I was using a lot of nervous energy 
11. I found myself getting agitated 
12. I found it difficult to relax 
14. I was intolerant of anything that kept me from getting on with what I was doing 
18. I felt that I was rather touchy 
 
 

 




