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Abstract 

Impaired cognitive inhibition is one of a number of changes in cognitive 

functioning that are associated with healthy ageing. Cognitive inhibition is the ability to 

suppress or withhold some cognitive process and includes the ability to block out 

distracting information. Successful cognitive inhibition underlies improved performance 

on a range of executive functions including problem solving, long-term planning and 

goal-directed behaviour (Darowski, Helder, Zacks, Hasher, & Hambrick, 2008). One 

theory posits that age-related deficits in cognitive inhibition may underlie general 

cognitive decline associated with older adults (Hasher & Zacks, 1988; Hasher, Zacks, & 

Rahhal, 1999). Previous behavioural studies have found that automatic, or unintentional 

cognitive inhibition is preserved with age while controlled, intentional cognitive 

inhibition is impaired in older adults (Collette, Germain, Hogge, & Van der Linden, 

2009). In contrast, a number of neuroimaging studies suggest that older adults show less 

differentiation than young adults in neural processing of automatic and controlled tasks. 

In particular, it has been suggested that automatic tasks are processed more like 

controlled tasks, suggesting increased cognitive effort required to complete them 

(Germain & Collette, 2008).  

The current study was designed to elucidate differences in performance and 

processing of controlled and automatic cognitive inhibition between age groups. 

Processing of these two types of tasks have not been compared directly within a sample 

population using neuroimaging or neurophysiological data. Electroencephalography 

(EEG) is an ideal tool for comparing fine temporal fluctuations in neural activity. 

Traditional event-related potential (ERP) analysis often report reduced amplitude in 

older adults compared to young adults. Importantly, the ERP peak being compared is 

often in a mid-latency time frame, such as the P3. This is often interpreted as reflecting 
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reduced neural capacity in older adults and therefore a deficiency in cognitive resources. 

An important element of this thesis was to use non-traditional analyses to consider 

alternative explanations of age-related differences. Three age-groups (Young adults: 

n=38, 18-35 years; Middle aged adults: n=23, 55-70 years; Older adults: n=23, 71-84 

years) were compared on an automatic (Negative Priming; NP) and controlled (Stroop) 

cognitive inhibition task to consider age-related changes beyond a dyadic (young vs 

old) comparison. Early, middle and late stage processing were compared with reference 

to the N1, P3 and FP600 ERP peaks respectively to extend the age comparisons beyond 

the mid-latency time frame. The ERP difference waveform (incongruent – neutral) was 

used to isolate the neural activity that is unique to the need to inhibit or block out the 

distracting information, over and above the fundamental processing of the task. 

The behavioural data of this study supported the automatic versus controlled 

distinction in cognitive inhibition with the Older adults showing greater RT cost 

compared to Young adults on the Stroop but no age difference on the NP task. ERP data 

of young adults also supported the automatic versus controlled distinction with an 

additional neural activity between 250-350ms post stimulus-onset for the Stroop task 

over centro-parietal sites (Cz, CPz, Pz) that was not present during the NP task. This 

suggests that while the controlled cognitive inhibition required additional neural 

processing, the automatic cognitive inhibition did not.  

Directly comparing the age groups found that the P3 was reduced in Older adults 

compared to Young adults, as is often reported, but that this effect was greater on the 

NP than the Stroop task. Middle aged and Older adults showed no ERP differences 

between the tasks. This supports a dedifferentiation account of cognitive ageing. The 

relationship between the ERPs of the age groups further supported the notion that the 
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older adult groups are using more controlled-like processing to perform the automatic 

task. 

The ERP peak over centro-parietal sites that was present on the Stroop 

difference waveform in Young adults was absent in Older adults. Classical LORETA 

Analysis Recursively Applied (CLARA) found that while there was no detectable ERP 

peak over centro-parietal sites, the Older adults had the greatest strength of top source 

activity of the three age groups. This activity was located in the prefrontal region of the 

medial frontal gyrus (MFG). As such, it could be that the shift in location of neural 

activity to the prefrontal cortex may account for the decreased ERP waveform 

detectable at the centro-parietal electrodes. 

Middle aged and Older adults had an increase in early and late processing as 

reflected by the N1 and FP600 that perhaps suggesting that the Middle aged and Older 

adults were using alternative cognitive strategies to the Young adults. In particular, the 

N1 is associated with early visual processing of target information (Wild-Wall, 

Falkenstein, & Hohnsbein, 2008). It is possible that the older age groups were 

dedicating greater neural resources to the early visual processing, thereby reducing the 

need for the response selection associated with the P3 (Luck, 2005). The specific and 

combined contributions of the ERP peaks of activity to the performance outcomes were 

considered using a range of statistical procedures, including principal components 

regression analysis. A reduced P3 was not associated with poorer cognitive inhibition 

performance, instead a reduced P3 was associated with an increased N1, supporting the 

notion that older adults may be directing greater cognitive investment in early visual 

processing (N1), reducing the need for response selection processing (P3). Further, the 

combination of increased N1 and decreased P3 was associated with improved 

performance on the automatic NP task, while there was no relationship with the 
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controlled Stroop inhibition. This suggests that the two approaches of investing 

differentially in early target visual processing and mid-latency response selection, result 

in comparable outcomes for controlled inhibition but not automatic inhibition. The 

improved performance during the NP task may be due to the flanker design of NP 

where an increased N1 is more effective at blocking out the distractions of the task.  

In summary, these findings suggest that the reduced P3 seen in older adults is 

not necessarily an indication of deficiency, and may instead be an indication of 

efficiency in some situations. These findings demonstrate the value in extending 

analyses of EEG data beyond traditional ERP comparisons of restricted peaks at 

restricted locations. In the present study, where older adults showed reduced ERP 

amplitude of the P3 they had increased activity at a different time. Where they had 

reduced ERP amplitude of the difference waveform, they had increased activity at a 

different location. One limitation to this study was that the Middle aged and Older 

adults in this sample were high in functional independence, a common limitation to 

laboratory-based studies. Using this analysis technique on a wider range of community 

based adults who may be less functionally independent would contribute valuable 

information to our understanding of cognitive and neural ageing in a wider population. 
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Chapter 1.0 Overview 

1.1 The Aims and Motivation for This Research 

Healthy ageing is associated with a number of physical and cognitive changes 

that are considered normal and free of neurological disease. Despite the absence of 

neurological disease, healthy ageing can still be a difficult time of change in functional 

independence for the individual and their family. There is also an increase in the 

demand on health and community services associated with older age. One way to 

reduce demands on such services is to maximise functional independence in older adults 

as they continue to adapt to their physical and cognitive changes.  

Goal-directed behaviour, and as such, the completion of many everyday tasks is 

dependent on successful cognitive inhibition. Cognitive inhibition is a process that 

restricts or withholds some ongoing cognitive process or behaviour. One theory, 

proposed by Hasher and Zacks (1988), suggests that age-related cognitive changes 

could in part be explained by impaired cognitive inhibition processes. It may be that 

with a reduced ability to inhibit distractions, older adults find it more difficult to process 

the task at hand and this is even more so when there are competing demands and 

external distractions. Collette et al. (2009) suggests that this is because information that 

is not related to the task is being processed rather than blocked out and ignored, and 

older adults are therefore working cognitively harder than they need to. Understanding 

the age-related changes to both performance and processing of cognitive inhibition were 

a focus of the current thesis due to the prominent role that cognitive inhibition has with 

problem solving, long-term planning and goal-directed behaviour (see Section 2.1), and 

the integral nature that these elements have with functional independence.  

There are a number of theories of cognitive inhibition with the majority of these 

describing multiple types of inhibition. One theory posits that cognitive inhibition can 
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be divided into controlled and automatic inhibitory control, refering to that which is 

intentional and effortful versus that which is unintentional and less effortful 

respectively.  The current thesis was designed to investigate the neurological as well as 

behavioural distinction between controlled and automatic cognitive inhibition in Young, 

Middle aged and Older adults. A better understanding of age-related changes to 

automatic and controlled cognitive inhibition would inform the more general field of 

age-related cognitive changes. 

1.2 Limitations of the Field 

Research to date has failed to adequately explore the progression of age-related 

changes by being confined to bimodal group comparisons of a young and an older 

group. In one study that used age as a continuous variable, the degree of impairment to 

successful inhibition seemed to be a progressive phenomenon (Persad, Abeles, Zacks, & 

Denburg, 2002). The current dissertation will be using three age groups to further 

explore whether age-related changes are progressive across age or if age-related change 

to cognitive inhibition is of a binary nature. Further, there are few studies investigating 

age-related changes to both automatic and controlled cognitive inhibition within the one 

paradigm, and those that exist have been limited to behavioural data. As such, the 

performance and processing of automatic and controlled inhibition within and between 

groups will be compared using electroencephalography (EEG). EEG is an ideal 

neurophysiological technique to identify age-related differences on the neural 

processing of automatic and controlled cognitive inhibition, due to the high temporal 

definition. Where EEG or other imaging techniques have been used, the relationship 

between group differences in neural activity and the performance outcome is often not 

reported. This will be addressed by running a number of statistical analyses to consider 
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a number of alternative explanations of group differences in ERP that cover technical, 

cognitive and neurological possibilities.  

The current study was designed to elucidate differences in performance and 

processing of controlled and automatic cognitive inhibition between age groups. 

Processing of these two types of tasks have not been compared directly within a sample 

population, in the one experimental paradigm using neuroimaging data. Comparing 

automatic and controlled tasks within an experimental paradigm provides the 

consistency required to isolate processing differences that are specific to the automatic 

or controlled level of inhibition, rather than to other extraneous factors. 

1.3 Contribution of Each Study 

The traditional method of analysing EEG data, event-related potentials or ERPs 

will be used to compare the two tasks both within and between the age-groups. As such, 

the first study of this project will directly compare neural processing of the NP and 

Stroop tasks within healthy young adults. The second study will make the same 

comparison in middle and older adults in order to clarify any differences between the 

two levels of inhibition within age groups. The third study will compare the neural 

processing of NP and Stroop between the three age groups to isolate age-related 

differences in performance and processing of an automatic and controlled cognitive 

inhibition task.  

The remaining three studies were designed to explore possible explanations for 

the age-related differences that were found in the third study. One possible explanation 

is that while there may be a reduction in the activity at a particular electrode location 

(e.g., P5 and P6 for the P3 ERP, or Cz, CPz, Pz for the inhibition effect peak), there 

may be an increase in activity at an alternative location. As such, the fourth study used 

source analysis to consider whether a reduction in ERP amplitude might be due to a 
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shift in location of activity. Another factor that might contribute to a reduced P3 in older 

adults might be a result of the averaging technique of ERP analysis. That is, where there 

is greater intra- and/or inter-individual variability in amplitude at each time point, the 

averaging technique would produce a longer, lower waveform, as is often seen in older 

adults across a range of ERP peaks. The fifth study used a range of performance and 

processing variability measures to test whether an increase in variability could account 

for reduced grand average ERP amplitude. A third factor that might contribute to a 

reduced P3 in older adults is a temporal shift in processing strategy. The final study 

used principal components regression to consider whether a reduced amplitude during a 

particular time frame might reflect an alternative use of cognitive resources, as 

represented by the early, middle and later ERPs, for the processing of the cognitive 

inhibition tasks, NP and Stroop. 
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Chapter 2.0 Cognitive Inhibition 

2.1 The Nature of Cognitive Inhibition 

Cognitive inhibition refers to the withholding or suppressing of cognitive or 

behavioural processes. Successful cognitive inhibition is critical to a range of everyday 

functions that enable us to navigate our busy world, including filtering out distracting 

stimuli, preventing habitual responses, as well as stopping cognitive or motor processes 

that are no longer required. A number of theoretical models of cognitive inhibition have 

been proposed and developed alongside a growing body of evidence from traditionally 

distinct research genres. As a result of the disparate origins of research evidence, there 

is a lack of consensus on a universal, operational and theoretical definition of cognitive 

inhibition. One definition that is relatively succinct but comprehensive describes 

cognitive inhibition as the stopping or overriding of some cognitive process, with or 

without awareness (M. C. Anderson, 2005). Many laboratory-based tasks have 

operationalized cognitive inhibition as the ability to filter distracting, or non-target 

information to restrict attention to processing target information, thereby maximising 

goal-oriented behaviour (Darowski et al., 2008). A myriad of laboratory-based tasks 

have been designed in an attempt to identify the cognitive components involved in 

successful inhibition, such as initiation and level of processing. The initiation of 

cognitive inhibition has been described as both active and passive. As an active process, 

cognitive inhibition is constantly engaged where non-target items are not just ignored, 

but actively suppressed (Mao & Wang, 2008). It is always on guard and is required at 

all times to filter out unwanted material. On the other hand, as a passive process 

cognitive inhibition is only engaged when some cue indicates that suppression is 

required (Corr, 2010). In this case, cognitive inhibition is a process that is only engaged 

when necessary. 



AGEING, INHIBITION and ERPs 27 

The level of processing that cognitive inhibition entails has been described as 

both an independent and a gateway process. As an independent process, cognitive 

inhibition runs simultaneous to, and in competition with, other executive processes. As 

such, it is a higher order cognitive function that involves a number of sub-processes 

such as conflict monitoring and detection, motor response choice and preparation and 

context maintenance (Amodio, Master, Yee, & Taylor, 2008; Braver & Barch, 2002; 

Kraemer et al., 2013; Tays, Dywan, Mathewson, & Segalowitz, 2008; West & Moore, 

2005). By describing cognitive inhibition as an independent process, it is by nature 

passive and operates only when required. On the other hand, as a gateway process 

cognitive inhibition is continuously monitoring the environment and is a tool that is 

critical to the functioning of all other executive processes (Bugg, Jacoby, & Toth, 2008; 

Gohier et al., 2009; Soriano, Jimenez, Roman, & Bajo, 2009; Vallesi, Stuss, McIntosh, 

& Picton, 2009; Wild-Wall et al., 2008). As a gatekeeper, cognitive inhibition controls 

which stimuli, thoughts and actions remain for processing. This is particularly important 

in inhibiting distracting stimuli or unwanted thoughts, and allows the individual to focus 

on task-relevant information. A failure of this filtration would result in the incessant 

presence of undesirable thoughts and actions, as well as a generally disrupted thought 

process. Whether cognitive inhibition is described as an independent, passive process or 

an active gateway to other high order processes, successful cognitive inhibition is a 

critical component to goal-directed behaviour (Anokhin, Heath, & Myers, 2004). Indeed 

it has been shown that individuals with higher cognitive control also make better 

economic decisions than those with low cognitive control (De Neys, Novitskiy, 

Geeraerts, Ramautar, & Wagemans, 2011). 

Cognitive inhibition performance can be influenced by both state (conditions) 

and trait (populations) factors. For example, increased cognitive load results in poorer 
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inhibition performance (Hippel & Gonsalkorale, 2005; Sinai, Goffaux, & Phillips, 

2007), and increased incentives lead to improved inhibition performance (Hasher & 

Zacks, 1988; Kohls, Peltzer, Herpertz-Dahlmann, & Konrad, 2009; Locke & Braver, 

2008). The association between cognitive inhibition and desirable behaviour has also 

been well documented in a number of populations. For example, a number of anti-social 

behaviours have been associated with deficits in cognitive inhibition, such as 

impulsivity, alcoholism and poor decision making (Abroms, Gottlob, & Fillmore, 2006; 

Christodouiou, Lewis, Ploubidis, & Frangou, 2006; Finn & Hall, 2004; Schutt, 

Seidman, Caplan, Martsinkiv, & Goldfinger, 2007). Impaired cognitive inhibition has 

been identified as a key deficit in a range of psychopathologies such as anxiety, 

depression, conduct disorder and schizophrenia (Albu, 2008; Gohier et al., 2009; Herba, 

Tranah, Rubia, & Yule, 2006; McLaughlin, 2003; Nigg, 2000; Soriano et al., 2009; 

Vanderhasselt & De Raedt, 2009). Importantly, there may be a relationship between 

poor cognitive inhibition and the maintenance of psychiatric symptoms. For instance, 

poor inhibition is associated with impulsiveness in people with bipolar disorder 

(Christodouiou et al., 2006) and also with increased levels of depression (Gohier et al., 

2009). In particular, it may be that poor inhibition allows rumination of negative 

thoughts to continue, where, in contrast, those with a better ability to inhibit are able to 

suppress, the negative thoughts and allow self-talk to reposition on positive thoughts 

(Vanderhasselt & De Raedt, 2009). However the direction of the relationship is not 

clear. That is, does the psychiatric condition impair cognitive inhibition, or is it a poor 

inhibition system that leads to the development of psychiatric symptoms? 

Understanding the mechanisms that effect cognitive inhibition has far reaching 

implications for policies and community response in regards to both psychopathology 

and antisocial behaviour. One relationship that offers an explanation of the malleable 
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nature of cognitive inhibition is that between working memory capacity (WMC) and 

cognitive inhibition. Cognitive inhibition as a gatekeeper, has been described as the 

central mechanism that determines the contents of WMC and in this way influences a 

wide array of complex cognitive functions (Hasher, Stolzfus, Zacks, & Rypma, 1991; 

Soriano et al., 2009). A reduced ability to suppress task-irrelevant information leads to a 

reduced WMC performance (Darowski et al., 2008; Wild-Wall et al., 2008), and the 

outcome of this is less efficient decisions and poor behavioural outcomes (Bechara & 

Martin, 2004; Christodouiou et al., 2006; Hare, Camerer, & Rangel, 2009). At a social 

level, we see the effect of this relationship extends to consequent behaviour, including 

social deviance and interpersonal aggression (Barrett, Tugade, & Engle, 2004; Finn & 

Hall, 2004). Overall, it seems that cognitive inhibition and WMC work closely together 

to optimise decisions and behaviour outcomes. As such, factors that influence state or 

trait WMC are likely to have an influence on behavioural outcomes via state or trait 

changes to cognitive inhibition performance.  

2.2 Theoretical Models of Cognitive Inhibition 

Early theoretical models of cognitive inhibition described a single, general 

inhibitory mechanism (Kramer, Humphrey, Larish, Logan, & Strayer, 1994) that was 

shown to improve throughout childhood and decline during older adulthood 

(Harnishfeger & Pope, 1996; Hasher et al., 1991). Due to inconsistencies in group 

differences across studies, descriptions of cognitive inhibition evolved to incorporate 

multiple inhibitory processes that share an operating characteristic of suppression 

(Andres, Guerrini, Phillips, & Perfect, 2008). This was in contrast to the single 

mechanism model that had been originally suggested. Over time this multiple process 

theory has become widely accepted (Bugg et al., 2008). 
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Although the basic structure of multiple processes is widely accepted, there have 

been many and varied interpretations with models ranging from two sub-processes to 

eight (Nigg, 2000). Unfortunately, often only one inhibition task is tested within any 

study, and group comparisons across studies have been far from consistent. Of the few 

studies that have compared multiple cognitive inhibition tasks within a population, their 

findings suggest that an individual’s performance on one cognitive inhibition task is 

usually not related to their performance on any other cognitive inhibition task (Herba et 

al., 2006; Kramer et al., 1994; Shilling, Chetwynd, & Rabbitt, 2002). Interestingly, an 

individual’s performances across different versions of the same task have also been 

found to be unrelated (Bugg et al., 2008). These findings support the proposal that 

cognitive inhibition is not one simple unitary construct, but incorporates a number of 

processes. 

With this shift in focus from a single inhibitory process, to multiple processes, 

researchers have grouped and compared the array of inhibition tasks in an attempt to 

identify the underlying cognitive inhibition components. These models have been 

developed in response to findings that outline the relationship between cognitive 

inhibition and higher order functions in healthy populations, as well as cognitive 

inhibition impairments in clinical populations. Tasks have been grouped in many ways 

including by function, by stage and by level of processing. 

One function-based model suggests that the three critical functions are access, 

restraint, and deletion (Hasher, Zacks, & May, 1999; Titz, Behrendt, Menge, & 

Hasselhorn, 2008). Nigg (2000) proposed another model describing eight sub-processes 

that serve three main functions of cognitive inhibition; executive inhibitory processes, 

motivational inhibitory processes and automatic inhibition of attention. Other function-

based models include separating cognitive inhibition into sensory components of 
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perceptual inhibition, motor inhibition and verbal inhibition (Germain & Collette, 

2008). These models of cognitive inhibition are quite different from each other and 

consistency in applying such models to the plethora of tasks has proven to be 

problematic.  

Models that distinguish cognitive inhibition by stage of processing have 

identified inhibition at early, middle and late stages. For example, early stage inhibition 

includes suppression of visual or auditory distracting stimuli; middle stage inhibition 

includes functions such as holding back motor or verbal responses; and late stage 

inhibition includes functions such as inhibiting redundant rules. In addition to function 

and stage of processing, theoretical models of cognitive inhibition have also centred on 

level of processing, separated by degree of cognitive effort. These models refer to 

automatic and controlled levels of processing (Collette et al., 2009). One advantage of 

this dual-process model is that it is parsimonious as well as comprehensive enough to be 

easily applied the wide range of tasks that have been designed to measure cognitive 

inhibition. Further, it is ideal for comparing age-related differences on levels of 

cognitive inhibition processing and as such was used in the current thesis.  

2.3 Automatic and Controlled Cognitive Inhibition 

Generally speaking, automatic processes are those that are unintentional and 

without conscious awareness, while controlled processes are those that require 

intentional, conscious effort. Importantly, automatic processing is considered faster and 

more efficient and at the same time requiring less neural activity than controlled 

processing which is more laborious and requires conscious attention (Saling & Phillips, 

2007). Similarly, the automatic and controlled model of cognitive inhibition suggests 

that levels of cognitive inhibition can be discriminated by the presence of awareness or 

intent (Collette et al., 2009; Harnishfeger, 1995). Controlled, or intentional, cognitive 
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inhibition is also referred to as ‘cognitive control’, ‘executive inhibition’ or ‘intentional 

inhibition’, and describes inhibition processes that require conscious effort at stopping 

or overriding another cognitive process. This includes processes such as suppressing a 

motor or verbal response, keeping unwanted thoughts out of mind or intentionally 

ignoring some unwanted distractor (Nigg, 2000). On the other hand, automatic 

inhibition occurs without awareness and consists of processes that we unintentionally 

engage (Abroms et al., 2006; Andres et al., 2008; Kok, 1999). Automatic, or 

unintentional, cognitive inhibition is a subtle cognitive process and improves our focus 

by inhibiting non-target information and is involved in orienting our attention (Abroms 

et al., 2006; Andres et al., 2008; Collette et al., 2009; Nigg, 2000). In fact, 

neurocognitive training has found that differential training techniques are able to 

address the automatic and controlled aspects of inhibition separately (Spierer, Chavan, 

& Manuel, 2013).  

In general, research studies that used automatic or controlled task to examine 

condition or group differences have reported changes in controlled but not automatic 

cognitive inhibition performance. For example, in healthy young adults moderate doses 

of psilocybin (Quednow, Kometer, Geyer, & Vollenweider, 2012) and of alcohol 

(Abroms et al., 2006), as well as increased task difficulty (Yonelinas & Jacoby, 1995) 

have been found to selectively impair performance on controlled inhibition. Older 

adults with Alzheimer’s show preservation on automatic tasks of inhibition and 

impairments in controlled inhibition (Amieva, Phillips, Della Sala, & Henry, 2004). 

Compared to healthy controls (HCs), impairments on controlled inhibition tasks have 

been shown in adults with fronto-temporal dementia (Collette, Van der Linden, & 

Salmon, 2010), general anxiety disorder (Albu, 2008) and obsessive-compulsive 

disorder (Bohne, Keuthen, Tuschen-Caffier, & Wilhelm, 2005; Kocak, Ozpolat, 
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Atbasoglu, & Cicek, 2011). Similarly, impairments in controlled inhibition are also 

found in children with predominantly impulsive sub-type of ADHD (Fillmore, Milich, 

& Lorch, 2009) and children with arithmetic learning disabilities (D'Amico & 

Passolunghi, 2009). Interestingly, patients with schizophrenia who experience 

hallucinations show impaired controlled inhibition compared to patients with 

schizophrenia who do not experience hallucinations as well as HCs (Soriano et al., 

2009). In contrast to the impairment seen on controlled cognitive inhibition, no 

impairment on automatic cognitive inhibition was found in healthy adults after 

receiving moderate doses of alcohol (Abroms et al., 2006), children with arithmetic 

learning disabilities (D'Amico & Passolunghi, 2009), or people with obsessive-

compulsive disorder (McNally, Wilhelm, Buhlmann, & Shin, 2001; Moritz, Kloss, & 

Jelinek, 2010). The overall findings suggest that controlled inhibition is specifically 

impaired in experimental conditions or clinical populations, while automatic inhibition 

is often preserved. However, the vast majority of previous research has only 

incorporated either an automatic or a controlled task within any one study, leaving 

interpretations of effects on automatic and controlled inhibition difficult or flawed due 

to differences between studies. Furthermore, studies that have directly compared 

condition or population differences on automatic and controlled inhibition tasks have 

often relied on behavioural data only. 

Additional information from neuroimaging studies does lend some support to the 

dyadic controlled and automatic distinction of cognitive inhibition (Anokhin et al., 

2004; Velanova, Wheeler, & Luna, 2008). In general, it has been found that there is 

reduced intensity of neural activity during automatic processes compared to controlled 

processes (Saling & Phillips, 2007). Further, neural activity during automatic 

processing is qualitatively different to controlled processing, with automatic processes 
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involving more sub-cortical regions and controlled processing involving more cortical 

activity particularly of the frontal lobe (Saling & Phillips, 2007). fMRI studies of 

cognitive inhibition have shown that controlled inhibition tasks, such as Stroop or 

Go/NoGo, activate areas predominantly in the prefrontal cortex, including rostral 

anterior cingulate cortex (ACC), ventromedial prefrontal cortex (vmPFC), dorsolateral 

prefrontal cortex (dlPFC), and ventrolateral PFC (Hare et al., 2009; Liddle, Kiehl, & 

Smith, 2001; Mayer, Wilcox, Teshiba, Ling, & Yang, 2013; Zoccatelli, Beltramello, 

Alessandrini, Pizzini, & Tassinari, 2010). While tasks of automatic inhibition are 

associated with some frontal activity in ACC (Leung et al., 2008) and dlPFC (Ungar, 

Nestor, Niznikiewicz, Wible, & Kubicki, 2010), they are predominantly found to 

activate more posterior areas such as the insula (Leung et al., 2008), anterior temporal 

cortex (de Zubicaray, McMahon, Eastburn, Pringle, & Lorenz, 2006), inferior parietal 

lobe (Steel et al., 2001), and the lingual gyrus (Vuilleumier, Schwartz, Duhoux, Dolan, 

& Driver, 2005). Comparing across studies it seems that activities are concentrated in 

the frontal areas during controlled tasks but activities are more widespread, including 

temporal and parietal regions, during automatic tasks. However, there has been limited 

systematic investigation of the dyadic automatic versus controlled inhibition model to 

date (Andres et al., 2008) and particularly few using neuroimaging data. 

While much of the research comparing automatic and controlled cognitive 

inhibition has demonstrated a behavioural difference between the two in performance 

outcomes, neuroimaging data provides a comparison of the neural processing of the two 

types of inhibition. Indeed, it is plausible that there is a single underlying inhibition 

system that is common to both automatic and controlled cognitive inhibition. Here, the 

performance differences between inhibition tasks noted in behavioural data may reflect 

additional demands that are specific to the task and are external to the underlying 
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inhibition system. In the field of conflict processing and selective attention, Mao and 

Wang (2008) suggest that there is a single underlying system for conflict processing. 

They suggest that differences seen across conflict processing tasks are due to the extent 

that additional processes are required, additional processes such as attention and 

cognitive inhibition. Similarly, despite the behavioural data suggesting the there are 

multiple categories or types of cognitive inhibition, it may be that the neural activity 

associated with inhibiting may reflect one system that is differentially loaded. For 

example, Goghari and MacDonald (2009) used the functional categorisation of 

cognitive inhibition to consider the nature of the underlying neural activity of two types 

of cognitive inhibition; response selection and response inhibition. Using fMRI, their 

findings suggest that there is largely a common cognitive control network with subtle 

differences in activation specific to the differing task demands. Similarly, this may also 

be the case in the automatic versus controlled distinction, with the underlying inhibitory 

control being constant on automatic and controlled cognitive inhibition tasks and the 

differences on the task being specific to the fundamental aspects of the task 

requirements.  Alternatively, it may be that automatic and controlled are more like 

opposite ends of a sliding scale, with each task and condition being at variable locations 

along that continuum; not one or the other. For example, Mestres-Misse, Turner, and 

Friederici (2012) found that within the dorso-medial striatum there is an anterior–

posterior continuum, with relatively more rostral regions supporting relatively higher 

levels of cognitive control. The current thesis was designed to address the lack of 

empirical examination investigating the possible similarities and differences of the 

neural substrates of automatic and controlled cognitive inhibition. 
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2.4 Tasks of Cognitive Inhibition 

One of the difficulties in studying and theoretically explaining cognitive 

inhibition is that this construct is necessarily embedded in some other cognitive task 

(Collette et al., 2009). Inhibition is not meaningful on its own but only apparent or 

existent in the way that other tasks are directed, prioritised and performed. This makes 

describing the pure functions of inhibition open to speculation and debate. As such, 

identifying any particular task as representative of a distinct ‘type’ of inhibition requires 

careful consideration. One of the key advantages of using the automatic and controlled 

theory of cognitive inhibition is that the wide range of tasks being used can be grouped 

according to those requiring intentional and unintentional inhibition relatively easily.  

The functional importance of tasks representing automatic and controlled 

inhibition, can be related to aspects of everyday functioning. The ability to stop some 

inappropriate comment, or change the words we use from slang to formal, can be 

essential in preventing social embarrassment and critical to success in any social 

environment. This ability to ‘catch yourself’ is known as inhibiting a prepotent 

response, a form of controlled cognitive inhibition. Prepotent response inhibition has 

been studied extensively using the Stroop task for over 75 years (Badzakova-Trajkov, 

Barnett, Waldie, & Kirk, 2009). The Stroop task requires the participant to name the 

colour that a word is printed in while ignoring the word itself. To correctly name the ink 

colour, the prepotent response of reading the word out must be successfully inhibited. 

Identification and reaction times are faster and more accurate when the word and the 

colour are congruent (e.g., RED printed in red). However, reaction times are slower and 

less accurate during incongruent presentations, when the word and the colour are 

different (e.g., RED printed in blue). This lag in response time demonstrates the need 

for inhibiting the meaning of the word itself. Sekiguchi and Koike (2007) demonstrate a 
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direct link between the Stroop task and an everyday event in older adults by showing 

that those with poor performance on the Stroop task commit more errors when using a 

simulated bank teller machine. In particular, those who performed poorly on the Stroop 

task made significantly more errors in forgetting an operation, confusing screens and 

overlooking an input error.  

As well as stopping some behaviour mid-action, the more subtle role of 

suppressing distracting information improves focus and maximises success in decisions 

and behaviour outcomes (Hare et al., 2009). As such, suppressing distracting 

information is critical in goal-directed behaviour particularly in everyday tasks that 

require the selection of particular details from a general array of information. This 

might be situations such as reading a bus timetable or scanning a webpage, as well as 

concentrating on a stimulus within a noisy environment. This continuous suppression of 

distracting stimuli represents automatic inhibition where it is occurring without 

awareness. Negative Priming (NP) is one automatic inhibition task that measures the 

suppression of distracting information that occurs without awareness. The NP effect 

refers to a slowed response to a target stimulus during a probe-trial that has previously 

been a distractor in a prime-trial. NP paradigms have used a range of stimuli including 

pictures, words, letters, numbers and auditory tones. Further, the distractor/target 

relationship has been studied both in location as well as identity. For example, location 

NP using letters may present stimuli on the screen and participants are required to 

respond to a particular letter. Response times are typically slower when the target letter 

of the probe-trial is in a location that was previously that of a distractor in the prime-

trial (Frings & Groh-Bordin, 2007; Gibbons, 2009). This is due to inhibition that is still 

active for that stimulus location. On the other hand, identity NP using letter stimuli 

might present three letters on the screen and the participant is asked to respond only to 
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the central letter. In this instance, the two additional letters are distractors. When the 

letter ‘k’ in one trial is a distractor, but in the following trial becomes the target, 

response times are again typically slower. There are generally two theories that seek to 

explain the negative priming effect (Kramer & Strayer, 2001). The distractor inhibition 

model suggests that in order for the correct response to be made in the initial prime-

trial, the distracting components are actively inhibited rather than passively ignored. 

This inhibition is still active to some extent when the following probe-trial is presented. 

As such, the internal representations need to be overcome in order for the response to be 

made in the probe-trial. On the other hand, the episodic retrieval model suggests that 

each time a stimulus is presented a memory trace is made. When a previous distractor is 

presented as a target in the probe-trial, that memory trace is recalled and the conflict 

between target and distractor slows the response. Importantly the inhibition of the 

distractors occurs without conscious awareness. Of the available controlled and 

automatic cognitive inhibition tasks, Stroop and NP have a solid research base that the 

current study stood to build upon. The similarity of their presentation format and 

response requirements made them ideal tasks for the direct comparison that was a focus 

of this study.  

2.5 How is Cognitive Inhibition Measured? 

Measuring the size of the impact that a distraction has on performance is 

something that is open to speculation. Because inhibition is necessarily embedded 

within some other task, the calculation of an inhibition effect is always some sort of 

subtractive equation. Over time there are a number of ways that the performance and 

processing of cognitive inhibition has been measured. To isolate cognitive inhibition 

processes from the other cognitive demands of a task, comparisons are often made 

between incongruent, congruent and neutral conditions. Although there are some studies 
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that directly compare incongruent trials between groups (e.g., Mager et al., 2007; 

Nessler, Friedman, Johnson, & Bersick, 2007), this technique does not consider the 

group differences on simple task performance. The incongruent condition is where the 

target stimulus includes some distracting elements that impair the efficient processing of 

the target stimulus and the desired response. The congruent condition has been used to 

isolate ‘facilitation effects’. This is where multiple elements of the stimulus assist, 

rather than impede, the target response. The neutral condition represents the baseline 

cognitive activity that is required for the task completion, where there are no additional 

elements that are intended to assist or impede processing of the target stimulus.  

There are two common methods for calculating the unique variability associated 

with the process of inhibiting, or the ‘inhibition effect’. One subtractive technique is to 

compare incongruent trials to congruent trials (e.g., Brydges et al., 2012; Mager et al., 

2007). Although the intention is to isolate the additional processing required for 

inhibiting compared to the basic task completion, congruent trials have an added 

facilitation effect. Importantly, when facilitation effects are likely to be different 

between comparison groups, tasks or conditions, the ‘inhibition effect’ will be 

contaminated with some element of facilitation. Other studies have reported an 

inhibition effect by subtracting the data of the neutral trials from the data of the 

incongruent trials (e.g., Badzakova-Trajkov et al., 2009). This technique is ideal for 

comparing inhibition processing and performance between different groups, tasks or 

conditions. The difference between neutral and incongruent trials is often smaller than 

the difference between congruent and incongruent. This is due to the additional 

facilitation effect that is included in the latter calculation (see Figure 1). That is, 

research that reports behavioural and neurophysiological differences between congruent 

and incongruent trials will be reporting both the effect of the inhibition and the effect of 
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the facilitation (Frings & Groh-Bordin, 2007). As illustrated in Figure 1, by using 

neutral trials as the baseline to isolate the unique activity of facilitation and inhibition, 

then these two components can be explored separately. This is the technique that will be 

used in the current thesis. 

 

Figure 1. Diagram of Facilitation and Inhibition. 

The majority of studies use RT and error rate to compare cognitive inhibition 

between experimental conditions or population groups (Abroms et al., 2006). Typically, 

both increased errors and increased RT on incongruent trials as compared to the 

baseline condition represent the additional processing required for successful cognitive 

inhibition. The magnitude of the additional processing time or errors is then compared 

across conditions or groups. One of the limitations of behavioural data is that it only 

compares the final performance output, and as such it is unable to measure perhaps the 

more subtle differences in the underlying neural processes involved in successful 

inhibition. 

2.6 Event Related Potentials 

Comparing neurophysiological and imaging data of cognitive inhibition tasks, 

between conditions or population groups provides information on the similarities and 

differences in how cognitive inhibition is processed at a neural level. One non-invasive, 
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and relatively inexpensive, method of measuring neural activity is 

electroencephalography (EEG). EEG measures fluctuations in cortical activity through 

electrodes positioned on the scalp, commonly fitted using an EEG recording cap (see 

Figure 2). One of the advantages of EEG is that the participant can be seated in relative 

comfort, with less restriction to movement than is the case for other forms of imaging 

such as fMRI (Michel & Murray, 2012). 

 

Figure 2.BioSemi EEG recording cap and recording box. 

2.6.1 What is measured by electroencephalography. Recordings of electrical 

activity reflect the summation of both excitatory and inhibitory post-synaptic potentials 

across a group of cortical cells (Hasher, Rypma, Stoltzfus, & Zacks, 1989). However, 

there are a number of physiological impedances that influence the EEG measurement of 

cortical activity. For example, the dense bone of the cranium has a lower conductivity 

than the brain and scalp. Due to such physiological constraints, fluctuations of activity 

needs to include a sufficiently large number of post-synaptic potentials, simultaneous 

and in the same direction, in order to produce distinguishable EEG waves (Karayanidis, 

2009). That is, synchronisation and location of activity further influence the detection of 

cortical activity. Even within the activity that is detected, synchronisation also 

influences the temporal evolution of the data. For example, a higher degree of 

synchronisation across a group of cells results in larger amplitude, but lower frequency 
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(Figure 3a) while less synchronised activity results in lower amplitude and higher 

frequency (Figure 3b) (Kirschstein & Köhling, 2009). 

 

Figure 3.Effect of synchronisation of EEG output. Higher degree of synchronisation (A) 

results in higher amplitude and lower frequency, while alternating neural activity (B) 

results in lower amplitude and higher frequency.  

Source: “What is the Source of the EEG?,” by T. Kirschstein and R. Köhling, 2009, 

Clinical EEG and Neuroscience, 40(3), p. 148. Reprinted with permission. 

There are a number of EEG systems available. BioSemi is an active electrode 

system that has a number of benefits over the more traditional passive electrode 

systems. In an active electrode system, neural activity is amplified at each of the 

electrodes, which greatly improves the signal quality (MettingVanRijn, Kuiper, 

Dankers, & Grimbergen, 1997). A passive electrode system, such as Neuroscan 

QuickCap system or BrainProducts BrainCap FastnEasy system, collects the activity at 

the electrodes and this is then amplified at a central device, or headbox. One outcome of 

the active system is that it has an output impedance of less than 1Ω, which is 

substantially less than the passive electrode systems that are on the scale of tens or even 

hundreds of kΩ. A Zero reference setup is used where the Common Mode Sense (CMS) 
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and Driven Right Leg (DRL) electrodes form a feedback loop to account for the base 

electrical signal common to all channels. This is used to reduce interference from 

external fluctuations in magnetic and electrical activity. In addition, an average of all 

connected electrodes is used as the online reference, maximising the integrity of the 

EEG signal even further ("ActiveTwo User Manual," 2007). The high signal to noise 

ratio of the active electrode system means the application time for each participant is 

reduced compared to passive electrode systems that require a substantial amount of time 

working on electrode contacts to reduce impedance. As such, it is an ideal system for 

use with clinical participants or older adults where the aim is to minimise the discomfort 

and time spent in preparation. Indeed, the BioSemi ActiveTwo is now considered to be 

the ‘gold standard’ of laboratory-based EEG systems (Hairston et al., 2014). 

One advantage of EEG over other neuroimaging techniques is the fine temporal 

resolution that can be achieved (Dennis & Chen, 2009; Vanderhasselt & De Raedt, 

2009). EEG collects over one thousand data samples per second at each of the electrode 

sites. This provides a rich data set with information about temporal development of 

cortical activity. One way to interpret EEG recordings is to convert the raw data to 

Event-Related Potentials, or ERPs. ERPs are calculated by extracting segments of EEG 

time-locked to the stimulus or response event of interest over a number of trials. By 

averaging across trials of each condition the signal to noise ratio is improved. This is in 

proportion to the square root of the number of trials averaged and as such, a larger 

number of trials provides a more clear ERP waveform. Traditionally, the average 

waveform for each experimental condition is computed for each electrode by averaging 

the amplitude across trials at each data point for the individual (see Figure 4). Grand 

average ERPs are then calculated for the group by averaging across participants for each 

electrode and are used to graphically show the brain responses across an epoch of time. 
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Figure 4. Average waveforms for an individual across trials for each electrode.  

Source: “Dynamic Causal Modeling of the Response to Frequency Deviants”, by M. I. 

Garrido and colleagues, 2009, Journal of Neurophysiology, 101(5), p. 2623. Reprinted 

with permission. 

2.6.2. From raw EEG to ERP components. Averaging forms of analysis lead 

to identifying peaks and troughs known as ERP “components”. These components are 

named according to their ordering or their latency in milliseconds (ms) and voltage 

direction of the peak, positive or negative. For example, a peak that is 200ms post-

stimulus and is in the negative direction is called N2 (the second negative component) 

or N200. Similarly a positive-going peak that is 300ms post-stimulus is called P3 or 

P300. Through repeated experimental manipulation these peaks have been associated 

with particular cognitive processes, such as perception, recognition, conflict detection, 

response selection and response preparation (Gibbons, 2009). ERP components can be 

compared between clinical and non-clinical populations (e.g., Vanderhasselt & De 
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Raedt, 2009), and where reliable differences between populations are found, ERPs offer 

biomarkers for a range of disorders (Dennis & Chen, 2009). 

The fine temporal resolution makes the ERP ideal for comparing controlled and 

automatic cognitive inhibition at different stages of cognitive processing. In general, 

early peaks are associated with processing of sensory information, mid-processing is 

attributed with response selection and later peaks are associated with evaluation 

processes (Birnboim, Breznitz, Pratt, & Aharon, 2002). Different types of cognitive 

inhibition have been described to include such functions as inhibiting access of 

information, restraint of prepotent responses and deletion of schemas that are no longer 

required (Hasher, Zacks, & May, 1999; Titz et al., 2008). These inhibition functions can 

be mapped to early, middle and late stages of processing respectively, similar to early 

and late selective attention theories (see Figure 5). For example, the access function of 

inhibition, or the ability to prevent distracting or unwanted information from being 

processed, may be mapped to early visual processing and the inhibition of distracting 

information. Similarly the restraint function of inhibition, that is the ability to prevent 

prepotent responses from being made, might be associated with mid-processing which 

is related to response selection. The deletion function of inhibition refers to the ability to 

reject schema or task sets that are no longer required. This function of inhibition might 

be mapped to late processing that is often associated with response evaluation and 

reflection. Among the multitude of ERP peaks to compare, the N1, P3 and FP600 are of 

particular interest to represent early, middle and late processing across tasks. 
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Figure 5. Diagram of early, middle and late processing functions of cognitive inhibition 

2.6.3. Early, middle and late ERPs. The early N1 ERP component has been 

associated with processing of visual information and is often reported between 140-

200ms post stimulus over an occipital distribution (Wang & Bingo, 2010). The N1 is 

associated with the orienting of attention in response to the stimulus (Natale, Marzi, 

Girelli, Pavone, & Pollmann, 2006) and is indicative of higher-order contextual visual 

processing (Schneider & Fisk, 1982) and discrimination processing (Key, Dove, & 

Maguire, 2005; Luck, 2005; Prime & Ward, 2006; Shpaner, Molholm, Forde, & Foxe, 

2013; Vogel & Luck, 2000). In relation to early inhibition processing, the N1 peak has 

also been associated with inhibition of sensory processing (Poltrock, Lansman, & Hunt, 

1982; Tian & Yao, 2008), as well as processing of flanker, or distracting information 

(Wild-Wall et al., 2008). An increase in the number of visual features in a stimulus is 

associated with an increased N1 (Chen et al., 2008). An increase in N1 has been 

identified in those who make fewer errors, possibly reflecting a better focus, attention or 

processing of target stimulus (Wild-Wall et al., 2008). Interestingly, the N1 is found to 

be left-lateralised in response to word stimuli (Kayser et al., 2012; Maurer, Rossion, & 

McCandliss, 2008) as well as letter strings (Vogel & Luck, 2000) although there has 

been no known comparison of the two stimulus types. As the N1 peak seems to reflect 

early visual discrimination of stimuli, it is well suited to compare the early visual 

processing or access stage of controlled and automatic inhibition.  

The P3 component, also referred to as the P300 or P3b, is centroparietal or 

temperoparietal in nature and is often reported between 250-500ms post-stimulus 
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 Inhibiting access of 
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(Nieuwenhuis, Aston-Jones, & Cohen, 2005; Polich, 2007). There is a relatively wide 

time window of parietal positive peaks that have been referred to as the P3; ranging 

from 300-800ms (Mager et al., 2007; Smith, Johnstone, & Barry, 2008; Tays et al., 

2008; Vallesi et al., 2009). The latency is known to be affected by task factors including 

stimulus modality, task conditions, as well as age of participant (Polich, 2007). The P3b 

is most often analysed and reported at Pz. While this is the case, an unfortunate practice 

in ERP research is that it is very rare for the amplitude topography of the whole head to 

be presented. As such, it is difficult to ascertain the range of distributions generally 

recorded for the P3. In an example where the whole head topography was presented, 

Friedman, Nessler, Johnson, Ritter, and Bersick (2008) present a bilateral topography 

(Figure 4, page 109). Even so, the reported statistical analyses compare the amplitude of 

the P3 between groups and conditions at Pz. 

The P3 has been associated with a multitude of cognitive processes across a 

number of research fields of interest, with no rigid definition consistently applied across 

the literature (Key et al., 2005; Luck, 2005). Particular to the field of inhibition, the P3 

has been attributed to response selection and preparation and is associated with the point 

at which cognitive inhibition is initiated (Smith, Johnstone, & Barry, 2008). Originally, 

an increased P3 amplitude was thought to represent increased cognitive resources 

required to respond to more difficult conditions (Johnson, 1986). Although there are 

some studies that continue to report increased P3 in more cognitively demanding 

conditions (Goode, Goddard, & Pascual-Leone, 2002; Nieuwenhuis, Aston-Jones, & 

Cohen, 2005; Saliasi, Geerligs, Lorist, & Maurits, 2013), it has also been reported that 

the P3 amplitude is reduced in more complex conditions and those with divided 

attention and increased cognitive load (Chen et al., 2008; Kok, 2001). Where the latter 

is the case, the amplitude of the P3 during the Stroop task would be smaller than that of 
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the NP task reflecting the greater complexity of the Stroop task. Further supporting this 

notion, the P3 amplitude was found to be reduced during incongruent trials compared to 

neutral trials in those participants who demonstrated a strong NP effect, but there was 

no difference between the conditions in those participants that demonstrated a weak NP 

effect (Gibbons, 2009). This demonstrates that not only is the P3 reduced under the 

more demanding incongruent condition, but that there is a relationship between such a 

reduction in P3 and an increase in behavioural inhibition cost, or inhibition effect. 

A late positive potential found over the frontal sites, otherwise referred to as a 

late frontal positivity (LFP) or frontal P600 (FP600), has been primarily described in the 

context of sentence structure and emotional evaluation (Cunningham, Espinet, 

DeYoung, & Zelazo, 2005). Within these fields of research, the FP600 has been 

associated with iterative evaluation processes (Cunningham et al., 2005) as well as 

ambiguity resolution (Kaan & Swaab, 2003). Hauswald, Schulz, Iordanov, and Kissler 

(2011) found that ‘forget’ cues were associated with a frontal positivity 450-650ms post 

stimulus during a directed-forgetting task, while ‘remember’ cues were not. 

Furthermore, better directed-forgetting performance was associated with a more 

pronounced frontal positivity. It could be argued that the deletion component of 

inhibition is based on evaluation and resolution processes, and a greater FP600 might 

represent the deployment of greater cognitive inhibition resources. As such, late frontal 

activity may be a useful comparison of the extent that these processes are differentially 

involved in controlled and automatic inhibition.  

One of the key elements to the current study was to extend the age comparisons 

beyond the typical mid-latency time frame to include early and late processing. As such, 

the current study will use the early occipital N1 to consider task and group differences 

in early visual processing of target information. Age differences of the parietal P3 will 
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be compared to represent the mid-latency activity associated with response selection. 

The less well-known frontal FP600 will be used to compare the evaluative component 

of task performance and the relationship this has with successful cognitive inhibition. 

These ERP peaks have been selected to represent the early, mid and late stage 

processing respectively. However, one of the limitations of standard ERP analysis is 

that it makes comparisons at just one electrode or group of electrodes at any point in 

time. Source analysis is an alternative technique that is gaining attention and credibility 

as a neuroimaging tool with all the temporal benefits of EEG.  

2.7 Source Analysis 

EEG source analysis has been utilised for a number of decades, however it has 

often been met with a degree of condescension. As with any in vivo imaging technique 

there are a number of limitations, and these have led to criticism of the use of EEG, 

which is known for its temporal but not spatial acuity, for spatial analysis. EEG 

measures fluctuations in electrical activity measured at the scalp. To calculate the 

source generators of that activity, algorithms use the activity across all electrode sites at 

each point in time to estimate the most likely source locations that would generate that 

particular scalp topography. Where the source activity is known, the resulting scalp 

distribution could be reliably predicted with only one possible solution. However, when 

starting with the scalp activity, there are an infinite number of source activity solutions 

that could explain that scalp activity. This is known as the Inverse Problem. The 

resulting source estimation is a calculation of which source activity solution best 

explains the EEG scalp data (Michel et al., 2004). There are a number of mathematical 

algorithms that have been developed to minimise the potential number of solutions 

using constraints, both mathematical and physiological in nature. 
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One of the major criticisms of EEG source procedures is that the activity that is 

captured by the electrodes is distorted due to changes in conductivity between brain 

tissue, cerebrospinal fluid, bone and skin. Application of a Head Model during the 

source analysis procedure attempts to account for these physiological restrictions and a 

number of head models are available for use with different populations. In addition to 

this distortion, activity that is generated at surface cortical tissue is going to be stronger 

and of greater influence than activity that is generated at more distal, sub-cortical 

locations. The mathematical algorithms used for source estimation have improved over 

recent decades. Using real data from intracranial electrodes, EEG source analysis was 

found to reliably reconstruct source generators, including those distant from the 

electrodes, providing correct information about the depth of the generators 

(Dumpelmann, Ball, & Schulze-Bonhage, 2012). Using EEG data with reasonable 

signal-to-noise ratios, reliable source estimation can be achieved (Dumpelmann et al., 

2012). However in order for these algorithms to be accurate, a minimum of 60 

electrodes is required for sufficient data (Michel et al., 2004). 

EEG source analysis has one particular advantage compared to traditional ERP 

analysis. Traditional ERP analysis compares groups or conditions at particular electrode 

sites, and cannot present where a drop in activity at one site might be a result of a 

differences in scalp topography, rather than a general reduction in activity. Source 

analysis is one of the more comprehensive EEG analysis techniques available, as it 

utilises the data from all electrode sites at every time point, considering shifts in activity 

of the whole head across time. Overall, due to recent advances in new algorithms and 

realistic head models, EEG source analysis is now considered a reliable brain imaging 

tool (Michel & Murray, 2012). While functional magnetic resonance imaging (fMRI) is 

used for its superior spatial resolution, it records slow-response, sustained cortical 
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activity in the order of seconds. Compared to the millisecond temporal resolution of 

EEG, this coarse grade of neural activity is suboptimal and means that temporal 

fluctuations in activity are lost. Significantly, in some cases, EEG source analysis has 

been shown to demonstrate spatial accuracy to the same order as fMRI, and accurate 

enough to measure Brodmann areas (Thatcher, 2011). Further, due to the relative 

comfort of the participant during EEG data acquisition, EEG source estimation is an 

attractive alternative to investigate the generation of neural activity for populations 

where other imaging techniques, such as fMRI, are not ideal (Michel & Murray, 2012), 

including older adults. 

2.7.1 Distributed Source Analysis. There are two major families of source 

analysis: discrete and distributed. Discrete source analysis identifies a fixed dipole 

source generator for the group or condition and the individual’s strength of activity is 

then calculated at that location. This technique allows for statistical comparisons of 

source wave forms, however, it requires a priori assumptions about locations. 

Distributed source analysis has the advantage that it does not require a priori 

assumptions and instead calculates from the data set and the head model alone where 

the source activity is best estimated (Michel & Murray, 2012; Tenke & Kayser, 2012). 

It provides a smoother match to tomographic MRI and is the dominant EEG source 

analysis used today (Thatcher, 2011). 

The dominant distributed source technique is some form of the LORETA (low 

resolution electromagnetic tomography) algorithm. The original LORETA solution was 

developed to counter the limitations experienced by dipole modeling (Pascual-Marqui, 

Michel, & Lehmann, 1994). In order to identify a solution that was most likely from the 

infinite number of possible solutions, LORETA assumes that neighbouring neurons are 

activated in a simultaneous and synchronous way. This physiological restriction was 
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based on research using single-cell recordings. Although the LORETA method provided 

physiologically meaningful results, the spatial resolution was very low. As such, a new 

algorithm was developed: sLORETA. Despite its name, it is not a standardisation of 

LORETA but a standardisation of the unweighted minimum norm image (Grech et al., 

2008; Wagner, Fuchs, & Kastner, 2004). sLORETA provides solutions with zero order 

localisation error (Pascual-Marqui, 2002) and to a 5mm spatial resolution (Pascual-

Marqui et al., 2008). As such, sLORETA was an improvement on LORETA with less 

spread, more focal solutions. In a simulated experiment (Wagner et al., 2004), 

sLORETA was shown to separate two distinct sources where LORETA did not. 

However, sLORETA failed to separate the sources where one source was stronger or 

closer to the cortex than the other. As such, sLORETA was found to be insufficient 

when the data is noisy and where multiple sources are simultaneously active (Wagner et 

al., 2004).  

In order to combine the advantages of both discrete and distributed source 

analysis, iterative approaches have been developed. Classical LORETA Analysis 

Recursively Applied, or CLARA, is one of these. CLARA is an algorithm that is 

available in BESA Research software (BESA GmbH, Gräfelfing, Germany) and is an 

iterative application of weighted LORETA images. For this process, a regularised 

LORETA image is initially computed. That image is then spatially smoothed and all 

points with amplitudes below 1% of the maximum activity are set to zero, thus being 

eliminated from the following step. The resulting image defines a spatial weighting term 

for each voxel. A second LORETA image is then computed with this additional spatial 

weighting term for each voxel applied. The resulting CLARA solution provides a much 

more focal solution due to this iterative approach (Braga, Fujisao, & Betting, 2014) and 
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has been shown to derive similar neural generators to concurrent fMRI (Rusiniak et al., 

2013). For this reason, the CLARA algorithm was used in the current thesis. 

Source analysis has been used to investigate potential cortical generators of 

familiar ERP peaks associated with cognitive inhibition. For example, while EEG scalp 

topography shows that both N2 and P3 involve some degree of frontal activity (Bokura, 

Yamaguchi, & Kobayashi, 2005), source analysis is more specific and suggests that the 

N2 originates in the ACC and the P3 in the PFC (Chen et al., 2008), two regions 

associated with inhibition processing (Ridderinkhof, van den Wildenberg, Segalowitz, 

& Carter, 2004). Further, due to the time course of these activations it is suggested that 

the N2/ACC activation is due to processing of stimulus feature conflict, while the 

P3/PFC activity is the resulting top-down inhibition that responds to the detected 

conflict (Chen et al., 2008). Katz et al. (2010) also found that the N2 originates in the 

ACC but that older adults suffering from depression show a displacement of the N2 to 

more posterior areas of the medial frontal gyrus (MFG). This shift in activity was 

associated with an increase in error rate on a Go/NoGo task.  

EEG source analysis can potentially elucidate inherent similarities and 

differences in automatic and controlled inhibition, demonstrating distinct areas of neural 

activity at early, middle and late processing. Further, ERP studies have consistently 

demonstrated group differences in cognitive processing where behavioural differences 

between groups or conditions are not apparent (Alain, McDonald, Ostroff, & Schneider, 

2004; Roche, Garavan, Foxe, & O'Mara, 2005). This may prove to be important in 

distinguishing age differences in automatic cognitive inhibition where behavioural 

measures have found performances of younger and older adults to be comparable. Due 

to the exploratory nature of this aspect of the current study, distributed source analysis 

was the preferred technique. The data from the EEG of the age groups would determine 
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the source solutions with no prior assumptions required, thereby allowing either the 

same solution or a differing solution for each of the groups.  
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Chapter 3.0 Ageing, Inhibition and Functional Independence 

3.1 Ageing and the Community 

Globally, there is an ageing population that is causing a shift in the shape of 

societies and cultures (Green, 2009). Structural change to our population is twofold; 

first, the proportion of people aged over 65 years to people aged less than 65 years is 

growing. As such, the problem is not just that there are more older adults than ever 

before, but that there are proportionally less young adults to support them. Second, the 

rate of this change is accelerating (Lutz, Sanderson, & Scherbov, 2008). That is, 

societies need to adjust to the new structure of increasingly less young adults per older 

adult, in an increasingly speedy manner. In the year 1900 the proportion of people 

younger than 65 years to people aged over 65 years was 25:1. In the year 2007, it was 

8:1. It is predicted that in 2050, it will be 4:1 (Orzechowska-Fischer & Wei, 2007). That 

is, a quarter of the world’s population is predicted to be of ‘retirement age’ in less than 

40 years. The urgency of studying the ageing population has been identified in a number 

of social contexts, including employment and economy, health services and medicine as 

well as increasing demands on social services designed to assist the elderly (Green, 

2009; Lutz et al., 2008; Moorin & Holman, 2008; Shang & Goldman, 2008; 

Westerhout, 2006). 

The impact of this structural change is also twofold. That is, health care costs 

increase with age and at the same time there is decreased contribution to productivity. 

Expenditure across health care services, including hospital, pharmaceuticals, and 

ambulance and physician costs (not including costs of aged care facilities) has been 

found to be four times greater for those aged over 65 years compared to those younger 

than 65 years ("Economic Implications of an Ageing Australia," 2005). Costs for public 

hospital admissions are presented in Figure 6 and clearly demonstrate the sharp increase 
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in cost with age over 65 years. In fact, the Australian Productivity Commission 

estimates that overall health expenditure to our economy will be more than 30% higher 

by 2050 with our population structure changing than it would be if our structure 

remained as it is today. Including the cost of aged care facilities and services would 

only increase this economic effect. 

 

Figure 6. Cost of health expenditure by age and sex.  

Source: “Australia’s health 2014” by Australian Institute of Health and Welfare, Figure 

2.10, page 56.  Reprinted with permission. 

Clearly, the cost of dependence on the health care system and other aged care 

services is a significant concern to the economy, and highlights the wide reaching 

benefit of independence and good health for the elderly population. Older adults, who 

are able to maintain relatively good physical health, positive mental health and relative 

independence, incur a much reduced cost than those who are heavily dependent on 

health and community services. An important relationship to consider is between 

functional independence and age-related cognitive decline. Maintaining maximal 

functional independence is of benefit not only to the greater society, but importantly to 

the individual and their surrounding family and friends. 
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3.1.1 Cognitive Integrity and Functional Independence. The relationship 

between general cognitive decline and reduced independence sets the parameters of 

much ageing research in the social sciences, with the aim of finding ways to maximise 

cognitive integrity and sustained independence. General cognitive impairment has been 

associated with reduced functional independence in older adults (Dodge, Du, Saxton, & 

Ganguli, 2006; Whitson et al., 2007), even for those within the normal range of 

cognitive function (Ishizaki et al., 2006). Importantly, poor cognitive function has been 

found to precede decline in functional independence (McGuire, Ford, & Ajani, 2006). 

The relationship between functional independence and cognitive integrity has been 

demonstrated in healthy older adults and those with mild cognitive impairment 

(Binegar, Hynan, Lacritz, Weiner, & Cullum, 2009; Tuokko, Morris, & Ebert, 2005), 

and dementia (Folquitto et al., 2007; Rozzini et al., 2007). In particular, the degree of 

cognitive deficits at baseline predicts the degree of functional decline over time (Dodge 

et al., 2006). However, the term ‘cognitive function’ includes a wide range of processes. 

Understanding which areas of cognitive decline are most closely associated with 

functional independence is of particular interest. For example, speed of processing has 

been associated with functional independence in a range of populations. In community 

dwelling older adults, reduced information processing speed has been found to predict 

decline in both basic and instrumental activities of daily living (Iwasa et al., 2008). 

Conversely, training in speed of processing has been found to significantly improve 

functional independence in older adults (Ball, Edwards, & Ross, 2007). Identifying age-

related changes to neural processing and the relationship these have with changes in 

cognitive performance is critical to understanding and responding to the abilities and 

needs of older adults. This may be particularly critical in working safely with older 

adults remaining in the workforce as well as maximising the ease with which older 
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adults can continue to live independently outside of care facilities. Higher order 

executive processes such as problem solving, long-term planning and goal-directed 

behaviour are integral to everyday activities that are key to functional independence. 

Considering the prominent role that cognitive inhibition has with these processes (see 

Section 2.1), understanding age-related changes to both the performance and also the 

processing of cognitive inhibition may help to inform our understanding of the 

cognitive component of functional independence.  

3.2 Neurocognitive Theories of Ageing 

There are a number of theories that describe how cognitive processes change in 

the ageing brain. Of the many theories available, the following four theories are based 

on changes to neural structure and functioning that have been found to occur with age. 

3.2.1 Frontal lobe hypothesis of ageing. Early neurocognitive theories were 

centered around findings that suggested that older adults show less efficient cognitive 

processes specifically on tasks that were thought to rely on the frontal lobes. The frontal 

lobe hypothesis states that neural degeneration occurs earlier and to a greater extent in 

the frontal lobe than in other areas and that cognitive functions that rely on the frontal 

lobes will show the earliest and largest age deficits (Forster, Kochhann, Chaves, & 

Roriz-Cruz, 2010; Greenwood, 2000). In particular, changes in the lateral prefrontal 

cortex (PFC) are thought to be critical to cognitive decline that is associated with ageing 

(Paxton, Barch, Racine, & Braver, 2008). Indeed, even within the field of cognitive 

inhibition, older adults show more impairment on inhibition tasks that are thought to 

rely on frontal lobe functioning (Andres et al., 2008; Persad et al., 2002) perhaps due to 

the involvement of the ACC, which is located in the frontal lobe, in cognitive inhibition. 

Age-related changes to the pathology of the frontal lobe have been well documented 
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(Tisserand et al., 2002), however there is some debate as to the degree that the frontal 

lobes are differentially affected compared to other brain areas (Greenwood, 2000). 

3.2.2 Dedifferentiation theory of ageing. Neural imaging studies have found 

that young adults generate smaller, more distinct areas of activity compared to older 

adults who engage more widespread cortical areas during processing of cognitive tasks 

(Bettcher & Giovannetti, 2009; Germain & Collette, 2008). Cognitive processing is thus 

described as being more generalised, or dedifferentiated in older adults. Indeed, 

behavioural studies have provided evidence that suggests that older adults rely on 

common neural resources in order to process distinct stimuli, where young adults utilise 

separate resources (Germain & Collette, 2008). For example, Germain and Collette 

(2008) suggest that perceptual and motor processing are distinct in young adults, yet are 

dependent on shared cognitive resources in older adults. A common explanation for 

such findings is that older adults recruit resources from a more widespread area to 

compensate for deficits in the specific regions of the brain utilised in younger adults 

(Hasher, Zacks, & May, 1999; Paxton et al., 2008). Dedifferentiation theory is one 

cognitive theory that has been supported by imaging data which further confirms that 

decreases in specialisation seen with age are associated with decreases in performance 

of higher order cognitive tasks (Friedman, Nessler, Johnson, Ritter, & Bersick, 2008; 

Park & McDonough, 2013). Importantly, these changes are not simply a sign of passive 

degeneration, but of a system that is dynamic and adaptive, changing access to networks 

in order to optimise behavioural integrity. 

3.2.3 Increased dependence on controlled processing with ageing. An 

extension of the dedifferentiation theory suggests that the reduced distinction in 

processing of different conditions seen in older adults is due to an increased reliance on 

executive processing (Alain et al., 2004; Germain & Collette, 2008). That is, tasks that 
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are served by automatic processing in young adults require extra cognitive effort and 

controlled processing in older adults in order to achieve the same outcome. Some 

researchers have suggested that older adults demonstrate poor performance on cognitive 

tasks not because of impaired cognitive processes, but rather due to a general age-

related slowing of processing (Hogge, Adam, & Collette, 2008; Shilling et al., 2002; 

Verhaeghen & De Meersman, 1998). In contrast, a number of studies have argued that, 

although related, slowed responses of cognitive tasks cannot be explained by general 

slowing alone (Amieva et al., 2004; Andres et al., 2008; Germain & Collette, 2008; 

Vallesi et al., 2009; West & Moore, 2005). It is possible that the relationship between 

slower information processing and poorer performance on cognitive tasks may be an 

indication of an increased reliance on controlled processing, and therefore the additional 

cognitive resources required in older adults compared to young adults. In support of 

this, Fabiani, Friedman, and Cheng (1998) show that older adults with greater frontal 

activity perform more poorly on the neuropsychological tests of frontal lobe function. 

3.2.4. Cognitive inhibition deficit theory. Another prominent theory of 

neurocognitive ageing states that cognitive inhibition processes decline with age, and 

that it is this impaired cognitive inhibition that significantly underlies the wide range of 

cognitive decline commonly associated with ageing (Hasher et al., 1991). In support of 

this theory, cognitive inhibition has been found to uniquely contribute to some aspects 

of executive functioning. For example, cognitive inhibition accounted for a significant 

portion of age-related effects on executive tasks using total recall of the California 

Verbal Learning Test (CVLT) and total number correct of the Paced Auditory Serial 

Addition Test (PASAT) scores, in older adults (Persad et al., 2002). One function of 

cognitive inhibition is the ability to ignore distracting information. A reduced ability to 

ignore irrelevant distractors has consistently been found to be a primary determinant of 
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age-related deficits in other higher order cognitive tasks (Darowski et al., 2008; 

Friedman, Nessler, Cycowicz, & Horton, 2009; Hasher et al., 1991; Vallesi et al., 2009). 

For example, a decline in inhibitory processing has been found to contribute to 

compromised memory retrieval in older adults due to an increase in distractions 

(Radvansky, Zacks, & Hasher, 2005). While the relationship between cognitive 

inhibition and executive functioning seem to support the Inhibition deficit theory, 

processing and performance of cognitive inhibition is not always seen to be impaired in 

older adults. A better understanding of age-related changes to cognitive inhibition may 

potentially inform neurocognitive theories of ageing. 

3.3 Cognitive Inhibition in Ageing Populations 

Behavioural findings most often indicate compromised cognitive inhibition in 

older adults, with a reduced RT and increased error rate in conditions that require 

successful cognitive inhibition (Germain & Collette, 2008; Machado, Devine, & Wyatt, 

2009; Mutter, Naylor, & Patterson, 2005; Persad et al., 2002; Potter & Grealy, 2008; 

Radvansky et al., 2005; Treitz, Heyder, & Daum, 2007). Nevertheless, this field of 

study is far from uniform. Many studies report mixed results with age differences 

apparent under some conditions and not others (Andres et al., 2008; Braver et al., 2001; 

Collette et al., 2009; Hogge, Salmon, & Collette, 2008; Rush, Barch, & Braver, 2006; 

Sahakyan, Delaney, & Goodmon, 2008; Titz et al., 2008; West & Moore, 2005), while 

some studies report no age difference at all (Borella, Delaloye, Lecerf, Renaud, & de 

Ribaupierre, 2009; Hogge, Salmon, et al., 2008; Horváth, Czigler, Birkás, Winkler, & 

Gervai, 2009; Zellner & Bauml, 2006). There has been some debate as to how to best 

explain these discrepancies. One popular explanation is to make the distinction between 

the automatic and controlled processes of cognitive inhibition. While recent 

neuroimaging studies suggest that neural processing of automatic tasks is compromised 
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in older adults (see Section 3.2.3), the vast majority of research in this field has been 

based on comparisons of behavioural performance. Behavioural data has generally 

found that the performance on automatic cognitive inhibition tasks is preserved with 

age, while the performance on controlled cognitive inhibition is significantly impaired 

(Andres et al., 2008; Collette et al., 2009). Further, neurodegenerative pathologies, such 

as Alzheimer’s Disease (AD; Amieva et al., 2004) and Parkinson’s Disease (PD; 

Bokura et al., 2005; Machado et al., 2009), as well as other clinical populations such as 

depression (Albu, 2008) also suffer significant impairment in controlled cognitive 

inhibition tasks, with only minimal to no impairment in automatic cognitive inhibition 

tasks. These findings are based on behavioural data and it is not known if the group 

differences also exist in the neural processing of automatic cognitive inhibition tasks. 

Interestingly, while behavioural studies of the Stroop task consistently show age-related 

decreases in performance, NP has shown that older adults are equal to young adults or 

that older adults do not show a negative priming influence (Kramer & Strayer, 2001). 

Where there is no NP effect in older adults, theoretical interpretations explain this result 

as reflecting one of two cognitive impairments. In line with the distractor inhibition 

model, it was proposed that there was a failure of selective inhibition during the prime-

trial. Alternatively, according to the episodic retrieval model, it was suggested that older 

adults were not retaining the memory trace of the prime-trial to the same degree as 

young adults. Both of these accounts explain the lack on negative priming effect by 

impaired or deficient cognitive processing, and the lack of negative priming was thus 

considered a deficit (Kramer & Strayer, 2001). An alternative explanation is that 

perhaps older adults dedicate greater neural processing to early visual processes, 

restricting their processing to target information, thereby processing less of the 

distracting components either in location or identity negative priming (Wild-Wall et al., 
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2008). If this is the case, they would demonstrate less negative priming effect because 

the distracting components of the prime trial were not processed to the same extent as is 

done in young adults, and therefore does not have the same degree of conflicting effect 

on the probe trial.  

A recent behavioural study directly investigated the controlled and automatic 

distinction of cognitive inhibition in young and older adults and compared performances 

on three automatic and three controlled inhibition tasks (Collette et al., 2009). They 

included three tasks of intentional inhibitory control (short term and long term directed 

forgetting task and the Hayling task) and three tasks of unintentional inhibitory control 

(probe recency recognition task, retrieval-induced forgetting task and the flanker task). 

Performances on automatic, or unintentional inhibitory control tasks were found to be 

comparable between the young and older age groups, while performances on the 

controlled, or intentional inhibitory tasks were found to be significantly impaired in the 

older adults group. Although these findings support the automatic versus controlled 

cognitive inhibition model, factor analyses were conducted to determine the presence of 

underlying automatic and controlled components of cognitive inhibition. These analyses 

found that in the older adult group, performance on the three automatic tasks loaded 

onto one factor while performance on the three controlled inhibition tasks loaded onto 

another factor. This is strong support of the two underlying components. However, their 

data did not show this same pattern of results within the younger adults group. The 

authors suggest that the automatic and controlled components may not be a general 

characteristic of cognitive inhibition, but something that is specific to ageing. 

Alternatively, it is possible that behavioural data is only sensitive enough to detect the 

two levels of processing within older adults, while investigations at the neural level may 

be necessary to detect the two components in young adults. Further, understanding the 
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relationship between neural ageing and changes in cognitive inhibition across the 

lifespan may help to illuminate the changes to automatic and controlled inhibition seen 

with older age. 

3.3.1 The effects of neural ageing on cognitive inhibition processes. Asato, 

Sweeney, and Luna (2006) found that performance on cognitive inhibition tasks 

continue to improve from childhood to teenage years and into early adulthood. Younger 

adolescents show a broader area of neural activation than older adolescents and young 

adults on a visual search task, reflecting a refining of pathways with age (A. M. Hogan, 

Vargha-Khadem, Kirkham, & Baldeweg, 2005). Importantly, improved inhibitory 

control has been associated with an increase in the ability to sustain focused attention 

and to restrict interference in older children (A. M. Hogan et al., 2005; Rubia et al., 

2006; Velanova et al., 2008). On the other hand, poor inhibitory control is associated 

with a reduced ability to maintain appropriate behaviour as in the case of ADHD and 

Conduct Disorder (Herba et al., 2006).  

Research into older adults has found the reverse trend of cognitive inhibition 

development to that seen in children and adolescents. Increased dedifferentiation of 

neural activity in older adults mirrors the broad area of activation in young adolescents 

described above. That is, the broad area of neural activity seen in young adolescents 

becomes more focal in early adulthood (A. M. Hogan et al., 2005), and this spread of 

activity becomes more generalised activity in older adults, offering support to the 

dedifferentiation theory of ageing. Importantly, the development of myelin that is 

associated with improved cognitive performance across childhood can have the reverse 

effect in later years. Myelin continues to form across the lifespan and in older adulthood 

this results in a range of damaging changes to neuronal structure (Peters, 2007). These 

changes include thick, redundant myelin in some regions as well as thin, irregular 
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myelin in other regions. Findings suggest that neuronal damage, such as demyelination, 

is an important factor in age-related cognitive decline (Kovari et al., 2004; Peters, 2007; 

Schiavone, Charlton, Barrick, Morris, & Markus, 2009). White matter hyperintensities, 

a result of demyelination, have an inverse relationship with executive function tasks in 

general such that increased evidence of demyelination is associated with decreased 

performance on executive function tasks (Kovari et al., 2004), and speed of processing 

in particular (Trollor & Valenzuela, 2001). With age advancing past 60 years, 

individuals are likely to have a reduced ability to inhibit distracting stimuli (Vallesi et 

al., 2009). It is arguable that this deficit may be a associated with the neural 

degeneration associated with healthy ageing. For example, since myelin controls the 

speed and timing of neural propagation, the age-related changes to myelin may result in 

reduced synchronicity of cortical firing, resulting in more widespread, less-directed 

activity. This may contribute to the dedifferentiation of neural processing that is 

associated with older adults (see Section 3.2.2). 

In summary, from childhood into young adult hood, improvements in cognitive 

inhibition are concurrent with the pruning of synapses and myelination of axons. 

Conversely, deficits in cognitive inhibition in older adults are concurrent with a 

dedifferentiation of neural activity, and anomalous myelin changes. Further 

understanding about changes to the neural processes involved in successful cognitive 

inhibition will significantly inform theories and models of cognitive ageing. For 

example, where performance has been comparable between young and older adults, it 

may be that older adults are employing cognitive strategies to compensate for a range of 

neural processing deficits such as reduced processing speed, frontal lobe dysfunction 

and global dedifferentiation (Finn & Hall, 2004; Germain & Collette, 2008; Wild-Wall 

et al., 2008). Cognitive strategies might include an intentional emphasis on accuracy 
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rather than speed and a more focused processing of target versus non-target stimuli. As 

such, neuroimaging data that is able to measure transient differences in the processing 

of controlled and automatic inhibition is essential in isolating processing differences 

where performance differences do not exist. EEG is a useful and appropriate tool to 

investigate neural processing differences that may help to elucidate comparable 

behavioural results between the age groups. 

3.4 Event Related Potentials and Ageing  

There are a number of general changes in ERP waveforms associated with 

healthy ageing that are worth noting. In general, ERP components such as N2 and P3, 

are often described as longer, lower waveforms in older adults with reduced amplitude 

and increased latencies when compared to younger adults (Rossini, Rossi, Babiloni, & 

Polich, 2007). Additionally, in support of the dedifferentiation theory of ageing, ERPs 

of young adults show marked differences between conditions, whereas ERPs of older 

adults have been shown to remain constant across conditions (Friedman et al., 2008; 

Germain & Collette, 2008; Morcom & Rugg, 2004). This is of particular interest with 

regards to how automatic tasks are being processed in older adults. Although 

behavioural studies demonstrate preserved automatic task performance and specific 

deficits on controlled task performance (Collette et al., 2009), neurophysiology studies 

suggest that it may be automatic processing that is impaired with age (e.g., Alain et al., 

2004). One theory is that younger adults employ executive processes only when they 

need to, while older adults depend on executive processes for the majority of tasks (Finn 

& Hall, 2004; Friedman et al., 2008). Further support for this phenomenon is seen in 

scalp topographies of young and older adults with older adults demonstrating more 

frontal activity across all conditions (see Figure 7). It may be that controlled processing 

can be used to compensate for impaired automatic processing to maintain automatic 
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functional performance (Alain et al., 2004; Ballesteros, Nilsson, & Lemaire, 2009). 

However, when faced with the higher demand of a controlled task, no additional 

compensatory processing is available and behavioural deficits become apparent.  

 

Figure 7. Scalp topographies illustrating more frontal activity in older adults.  

Source: “Age-related changes in executive function: An event-related potential (ERP) 

investigation of task-switching,” by D. Friedman and colleagues, 2008, Aging 

Neuropsychology and Cognition, 15(1), p.109. Reproduced with permission. 

Clarifying the functional significance of differences in brain activity data is 

somewhat open to interpretation. The amplitude of an ERP peak is most commonly 

associated with the degree of engagement of the cognitive process that the peak is 

thought to represent. That is, differing amplitudes suggest quantitative difference in the 

cognitive processing engaged (Otten & Rugg, 2004). Where there is reduced activity, 

the most common interpretation is of poor functioning or compromised processing. For 

example, reduced activity may reflect reduced availability of resources, therefore 

reflecting a suboptimal neural processing network or system. However, it could be that 
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greater activity reflects greater difficulty and therefore the recruitment of more 

resources in order to process the task or stimuli. This would also suggest a suboptimal 

network or system. One way of attempting to interpret differences in activity is to 

compare the increased activity with improved or reduced performance. For example, 

cocaine users have been shown to generate greater neural activity than controls but 

similar performance (Mayer et al., 2013). As such, the additional activity is interpreted 

as indicating compensatory activity. Similarly, older adults have shown greater activity 

even in those conditions where the behavioural outcomes were comparable to young 

adults and as such the additional activity was interpreted as reflecting compensatory 

activity (e.g. Friedman et al., 2008).  

3.4.1. Cognitive inhibition, ageing and ERPs. Although the large majority of 

studies investigating age differences in cognitive inhibition are limited to behavioural 

data, there are a small number of studies that have used ERP to investigate age-related 

changes in the processing of inhibition (see Table 1). Unfortunately, as is the case in 

behavioural research, these studies have been predominantly bimodal, comparing a 

young adults group to an older adults group, and also limited to a single inhibition task. 

Due to the small number of studies conducted and the disparate approaches employed 

(such as the age range used to represent older adults), these studies lack consistency and 

agreement. Nevertheless, there are a number of interesting findings that warrant further 

consideration. 
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Table 1 

Studies Investigating Ageing Differences in Inhibition with ERPs 

Study Participants Inhibition Tasks Behavioural Findings ERP Findings 

Mager et al. 

(2007) 

43 young 

(M=28.1; 21-39) 

29 middle 

(M=50.9; 40-61) 

Stroop (modified to 

indicate match or not) 

CONTROLLED 

RT –older adults were slower on incongruent 

trials only 

ER – older adults committed more errors than 

young in incongruent condition 

P3 Amp – smaller in older adults 

P3 Latency – no age difference 

N450 Amp – no age difference 

N450 Latency – longer in older adults on the 

incongruent condition 

Nessler et al. 

(2007) 

16 young 

(M=22.8; 18-29) 

16 old  

(M=72.1; 65-85) 

Simon 

AUTOMATIC 

RT – older adults were slower, but no age 

difference in inhibition effect 

ER – older adults committed less errors than 

young adults in congruent condition, but more 

errors post-error in incongruent condition.  

N450Amp – no age difference on the congruent 

condition. Older adults had larger amp. post 

error. 

Ne Amp – smaller in older adults 

Tays et al. 

(2008) 

16 young 

(M=20.0; 18-26) 

18 old  

(M=72.4; 65-87) 

Sternberg (similar to 

NP) 

AUTOMATIC 

RT – older adults were slower, but no age 

difference in inhibition effect 

ER – older adults committed more errors in 

high familiar condition 

P2 Amp – no age difference 

P3a Amp – smaller in older adults 

P3a Latency – longer in older adults 

P3b Amp –no age difference 

N450 Amp – not existent in older adults 

Vallesi et al. 

(2009) 

14 young 

(M=27;20-34) 

14 old  

(M=71;60-80) 

Go/NoGo 

CONTROLLED 

RT – older adults were slower, but no age 

difference in inhibition effect 

ER – no age differences 

P3a Amp – larger for irrelevant than conflict in 

older adults, no difference in young. P3a 

smaller in older adults 

P3a Latency – longer in older adults 

Wild-Wall et 

al. (2008) 

15 young  

(M=24) 

15 old  

(M=60) 

Flanker 

AUTOMATIC 

RT – older adults were slower, but no age 

difference in inhibition effect 

ER – older adults committed less errors than 

young 

N2 Amp – not present in older adults 

P3a Amp – larger in incongruent for older 

adults, no difference in young  

P3b Amp – smaller in older adults in 

incongruent condition only 

P3b Latency – longer for older adults 

Note. RT = reaction time. ER = error rate. Amp = amplitude..
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The studies that have used ERPs to investigate the effects of age on cognitive 

inhibition have not shown the same ‘automatic preserved’ and ‘controlled impaired’ 

distinction seen in behavioural studies. As can be seen in Table 1, both controlled and 

automatic tasks have generated group differences in neural processing. Importantly, 

these differences are apparent where there is no age-related impairment in behavioural 

performance outcomes (e.g. Vallesi et al., 2009; Wild-Wall et al., 2008). In particular, 

the findings reported in Table 1 identify compromised processing in older adults on 

automatic inhibition tasks with reduced P3a and N450 peak amplitudes (Tays et al., 

2008), and reduced N2 and P3b amplitudes (Wild-Wall et al., 2008). That is, the 

behavioural data of these studies would suggest that automatic inhibition is preserved 

with age while the ERP data demonstrates that this is not the case. The present thesis 

addressed the need for further clarification of the relationship between neural processing 

and behavioural performance of cognitive inhibition. 

Given that it is uncommon for studies to report any statistical relationship 

between ERP and behavioural outcomes, it is difficult to be certain that an increase or 

decrease in amplitude represents more efficient or impaired processing. Tays et al. 

(2008) is one study that directly tested for such a relationship. In this study, young 

adults and older adults were compared and they found that an increase in a frontal 

positivity seen in older adults was not related to improved performance and therefore 

propose that such additional amplitude is not a sign of compensatory processing. In fact, 

an increase in frontal positivity was associated with greater errors (p. 2257) and as such 

the increased frontal positivity might suggest impaired processing that results in more 

errors or, alternatively, recognition of making the errors. Similarly, Mager et al. (2007) 

found that during the incongruent condition of a Stroop task, middle aged adults had a 

greater broad ERP negativity compared to young adults and their RT was slower. 
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Although a direct statistical relationship was not reported, the impaired performance 

suggests a stronger interference effect with age in both performance and processing. 

Another important finding is where young adults are seen to have differences in 

ERP processing between conditions, but older adults do not. For example, amplitudes of 

the P3a, representing response selection, are distinct for positive and neutral conditions 

in young adults, while older adults do not show differences between conditions (Tays et 

al., 2008). Similarly, amplitudes of the medial frontal negativity (MFN), also known as 

the N450, are distinct under differing conditions for younger adults while older adults 

do not differ between conditions (Nessler et al., 2007). Such within-group age-related 

differences in neural processing offer preliminary support to the Dedifferentiation 

Theory of neurocognitive ageing. That is, young adults are using different neural 

processes to perform under different conditions, while older adults are using the same 

neural processes to perform at all times. However further investigation is required to 

interpret the above findings with greater confidence. The above findings are limited to 

the middle stage processing. It is possible that dedifferentiation is specific to one stage 

of processing but not to either early or late processing. 

Early ERP components, such as the N1, N2 and P2, represent sensory rather than 

cognitive processes. The N1, thought to represent early visual discriminatory 

processing, was found to be greater in older adults compared to young adults (Wild-

Wall et al., 2008). Using staggered stimulus onset asynchronies (SOAs), Wild-Wall et 

al. (2008) suggest that an increased N1 reflects an increased processing of the target 

rather than unnecessary processing of the flankers in older adults. In particular, where 

there was an SOA of zero, which reflects the standard presentation paradigm, the N1 in 

older adults was more than double that of the young adults (p. 78 and Figure 4A). 

Although not reported statistically, visual inspection of Figure 3 of Vallesi et al.’s 
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(2009) (see Figure 8) suggests that the N1 was much greater in older adults than young 

adults. Interestingly, Mager et al. (2007) found no difference in amplitude of N1 

between young and middle aged adults. If an increased N1 represents an increased 

attention and processing of target, then perhaps the additional auditory warning sound 

used in the study by Mager and colleagues (2007) meant that the two groups were using 

similar focused attention. That is, the difference between the groups usually seen in the 

visual N1 was no longer apparent as both groups were equally focused on the target 

information. 

 

Figure 8. Older adults have a greater N1 negative amplitude than young adults.  

Source: “Age-related differences in processing irrelevant information: Evidence from 

event-related potentials” by Vallesi and colleagues, 2009, Neuropsychologia, 47(2), 

excerpt from Figure 3, p.581 Reproduced with permission. 

The N2 is said to reflect conflict detection. Young adults have a significantly 

larger amplitude in the incongruent condition than in the congruent condition, whereas 

older adults do not differ between conditions, indicating either a reduced conflict 

detection, or an increased processing of irrelevant information (Wild-Wall et al., 2008). 
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The P2 is said to reflect processing of familiar stimuli, and has been shown to be greater 

for older adults than younger adults in the neutral condition (Vallesi et al., 2009). This 

also suggests that perhaps older adults are processing irrelevant information more than 

necessary. In contrast, Tays et al. (2008) found there was no difference in N2 between 

the age groups or conditions. Again, replication and extension of these findings is 

critical in order to reach an understanding of how neural processes change with age. 

Mid-latency ERPs, which refer to those peaks within the 250-550ms range, are 

generally thought to represent stimulus processing and response selection. For example, 

the positive P3a peak is found over fronto-central sites and is associated with stimulus 

processing and orienting of attention (Wild-Wall et al., 2008). Tays et al. (2008) found 

that young adults produce a larger P3a to positive probes compared to neutral in a 

modified Sternberg task, but that older adults showed no difference between the 

category of stimuli. This may suggest that older adults are less discriminatory in their 

processing of stimuli and in fact dedicate similar processing resources to relevant and 

irrelevant information. On the contrary, Wild-Wall et al. (2008) found that the P3a was 

larger for incompatible than compatible stimuli in older adults, where young adults 

showed no difference between the conditions. Across the conditions, older adults had a 

larger P3a than young adults. One of the reasons for the disagreement between these 

studies may be that not only did they use different tasks (Sternberg and Flanker), but 

also that the conditions reported here are not similar. Tays et al. (2008) are reporting 

positive to neutral, which is not comparable with the incompatible conditions of Wild-

Wall et al. (2008). 

The P3b peak is a positive peak over parietal sites and while the cognitive 

process that it is associated with the P3b is still unclear, it is likely to be related to 

context management and response selection (Luck, 2005). While it is known that the 
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P3b is contingent on the stimulus being categorised according to the rules of the task, 

the amplitude of the P3b is differentially affected by a number of task elements. Where 

the target stimulus is less likely to appear (oddball effect), or where the individual 

devotes greater attention to the task, the P3b is larger. On the other hand, where the 

categorisation of the stimulus is less clear, or where there is greater complexity in task 

requirements, the P3b is smaller (Kok, 2001; Luck, 2005). From Table 1 it can be seen 

that Mager et al. (2007) found that the P3b was smaller in older adults than young, and 

smaller in the incongruent condition than congruent, while Tays et al. (2008) found that 

the P3b was larger to positive than neutral probes, and although there was no significant 

difference between the age groups, the older adults were smaller than young. Vallesi et 

al. (2009) found that older adults had a larger P3b than young adults in the irrelevant 

NoGo condition, however, from visual inspection of Figure 1 conflict NoGo seems to 

be reduced in the older adults compared to young. The conflict NoGo condition is more 

comparable to the incompatible condition of Mager et al. (2007) as well as the 

traditional incongruent condition in which case the results are more aligned. Wild-Wall 

et al. (2008) found that P3b was smaller for older than young adults on the incompatible 

condition. Interestingly, visual inspection of Fig 4 suggests that the P3b was smaller in 

the incompatible than the compatible condition for older adults but not different 

between the conditions for young adults although this comparison was not reported. In 

summary, the general trend seems to be that the parietal P3b is smaller in incongruent 

condition than congruent and also smaller in older adults than young.  

Comparing a later mid-processing component, Mager et al. (2007) found that the 

N450 showed no age effect but was more negative during incongruent than congruent 

trials. Although not significant, the negative shift was larger in the middle age adults 

than the young. On the contrary, Tays et al. (2008) found that while the N450 was a 
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clear frontal negativity in young adults, it was almost non-existent in older adults. 

Further the peak was significantly different between the conditions in the young but not 

for the older adults. These conflicting findings may be due to differences in tasks used. 

Mager et al. (2007) used a controlled Stroop task, while Tays et al. (2008) used an 

automatic Sternberg task. Perhaps even more pertinent to the question of age-related 

changes is the different age groups used. Mager et al. (2007) used middle aged adults 

(41-61 years) while Tays et al. (2008) used older adults (65-87 years). If changes in 

neural processing are not linear, then perhaps the recruitment of activity increases in 

middle age before decreasing in older years. A study that uses at least three age groups, 

as is the case in the current thesis, is essential to testing this proposal.  

ERP peaks with latencies of 550ms or greater are considered late processing and 

are thought to represent response execution and evaluation (Cunningham et al., 2005). 

Mager et al. (2007) found a negative dip over the parietal electrodes peaking around 

800ms that they termed the N800 and associated generally with response evaluation. 

This peak was found to be less negative in middle age adults than young adults and also 

in incongruent than congruent trials. That is, middle age adults and incongruent trials 

had a reduced late negativity compared to young adults and congruent trials. Wild-Wall 

et al. (2008) used a flanker task to assess the interference effect in older adults. The 

stimulus-locked lateralised readiness potential (LRP) positivity, which is an index of 

response-related processes rather than stimulus-related processes, was delayed in older 

adults indicating that the transmission of information from visual to motor areas was 

delayed. This may have contributed to reduced errors by warding off premature 

responses. Further, the response-locked LRP positivity was also delayed in older adults. 

This may represent a strategic emphasis on accuracy, or alternatively that older adults 

require additional motor activation for the initiation of the motor response. Both the 
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stimulus- and response-locked LRPs were larger in older adults than young adults. 

Although these studies are comparing different ERP components, one possible 

explanation for the contradiction in findings is that the older adults are showing larger 

amplitudes in an automatic task (Wild-Wall et al., 2008), and smaller amplitudes in a 

controlled task (Mager et al., 2007). One weakness of comparing ERPs at specific sites 

is that the bigger picture is not considered. Perhaps the reduced negativity found in 

Mager et al. (2007) is due to a simultaneous increased positivity found at different 

locations. Neuroimaging allows the consideration of such shifts in activity rather than a 

simple relative strength of activity at one site.  

3.4.2. Cognitive inhibition, ageing and source imaging data. There are a 

number of studies that have used some form of the Stroop paradigm and fMRI to assess 

differences in neural activity between young and older adults. Some research found that 

older adults have increased activity in the same areas as young adults with similar levels 

of performance, suggesting additional compensatory activity (Langenecker, Nielson, & 

Rao, 2004). While others (Zysset, Schroeter, Neumann, & von Cramon, 2007) found 

that older adults showed increased activation, both in the same areas as well as in 

additional areas compared to young adults. Older adults have been found to present a 

greater BOLD signal in the inferior frontal gyri (Langenecker et al., 2004; Milham et 

al., 2002), as well as the medial frontal gyri and primary motor cortex compared to 

young adults (Mohtasib et al., 2012). The increased activity in these regions may be 

indicative of impaired neural processing of inhibitory processes. Further, older adults 

have been shown to have increased activity in ventral visual processing regions as well 

as the anterior inferior prefrontal cortices possibly reflecting a decreased ability to 

inhibit distracting information (Milham et al., 2002).  
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While an increase in BOLD response is generally interpreted as in increase in 

neural activity, age-related changes to the metabolism of oxygen necessarily affects this 

interpretation when comparing across age groups (Mohtasib et al., 2012). Neurovascular 

properties known to change with age affect the percentage of the BOLD response that is 

a result of cerebral blood flow (CBF) as opposed to metabolic rate of oxygen 

consumption. Mohtasib et al. (2012) found that while older adults had increased BOLD 

response during a Stroop task, they had no increase in CBF. Further, the 

cerebrovascular measures of the high performing older adults was not differentiable 

from young adults, while the low performing older adults had increased BOLD response 

and reduced metabolic rate of oxygen. That is, the authors suggested that the increase in 

BOLD response represented a reduction in the oxygen metabolism, or a reduced neural 

activity, and not increased neural activity as it is traditionally interpreted. As the 

collection of CBF is not standard practice across studies, it is not clear whether the 

increased BOLD response of other studies is actually representing the same decrease in 

neural activity.  

There has been considerably less imaging research conducted using the NP 

paradigm. Indeed a literature search revealed only one reported study (viz. Bauer, 

Gebhardt, Gruppe, Gallhofer, & Sammer, 2012). That study found that older adults lack 

both the behavioural effect as well as the inhibition-specific neural activation found in 

young adults on a location-based NP task. This may support the theoretical explanation 

of reduced behavioural NP effect seen in older adults that postulates that there is an 

impaired degree of processing of the stimuli in general, and older adults do not show the 

behavioural NP effect due to not experiencing conflict (see Section 3.3). Alternatively, 

the lack of neural activity may reflect the possibility that older adults are not prone to 

negative priming due to increased early target visual processing such that the distracting 
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components are not processed, reflecting increased efficiency. In this case, the 

distracting influence of the flankers do not need to be overcome, as is the case in young 

adults.  

In summary, while the automatic and controlled level of processing may be an 

important factor in explaining age-related differences in cognitive inhibition 

performance, comparisons within the one population sample need to include recordings 

of neural activity in order to determine the effects of ageing on processing of automatic 

and controlled cognitive inhibition. Based on neurocognitive theories of ageing, 

including dedifferentiation and increased reliance on controlled processing, it may be 

that older adults do not demonstrate the same distinction between the processing of 

automatic and controlled processing as young adults. It is possible that cortical arousal 

remains high for this population, regardless of level of task demand. While Collette et 

al. (2009) compared automatic and controlled cognitive inhibition within the one 

sample, this approach would benefit from including measurements of neural activity to 

simultaneously compare age-related differences performance and processing on 

controlled and automatic cognitive inhibition. This field of research will benefit from 

more data describing age differences in performance, processing and the relationship 

between them. 
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Chapter 4: Study 1 – Automatic versus Controlled Processing of Cognitive 

Inhibition in Young Adults 

Study 1 was designed to clarify similarities and differences between controlled 

and automatic cognitive inhibition using behavioural and ERP data within a sample of 

healthy young adults. Previous behavioural studies have found specific impairments for 

controlled and not automatic inhibition under a number of condition and population 

comparisons. However there is a paucity of research directly comparing neural 

processing of the two. ERP research is well suited to investigating different time points 

of neural processing where the relative functions of automatic and controlled inhibition 

may differ (see Section 2.6.1). To compare processing of the tasks themselves, neutral 

and incongruent trials were compared between the NP and Stroop tasks. This directly 

compares the activity associated with processing an automatic and controlled task, 

rather than the inhibitory control. To compare the additional inhibitory component of 

automatic and controlled cognitive inhibition that is embedded in different tasks, the 

subtraction method [Incongruent – Neutral] (Badzakova-Trajkov et al., 2009) was used 

to calculate the ‘inhibition effect’.  

Directly comparing the two tasks in healthy young adults will provide 

information regarding whether there is a single underlying inhibition system with 

differences only due to differential external demands of the tasks (such as flankers), or 

that they may represent two different types of inhibition that are engaged differentially. 

Where the difference waveform is the same but neutral trials differ, then this would 

suggest that there is one underlying inhibition process and only task-related differences. 

Where the difference waveforms differ in morphology then this would suggest that the 

additional activity associated with intentional and unintentional inhibition is in some 

way distinct.  
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It was expected that the behavioural inhibition effect (with measures of RT and 

error rate) of Stroop would be greater than NP because the former is considered a more 

laborious, top-down inhibition (see Section 2.3). Due to differences inherent to the tasks 

themselves, ERPs of the neutral and incongruent trials were expected to differ in the 

following ways; Early visual processing, reflected by the N1 was expected to be greater 

for NP than Stroop due to the presence of concurrent distracting visual stimuli (flankers) 

in the NP and not the Stroop task information (see Section 2.6.3). Mid-stage processing, 

P3, and late processing, FP600, of the two tasks were expected to reflect greater neural 

activity for the Stroop due to the more conscious and cognitively demanding aspect of 

the task (see Section 2.4). In particular, the P3 is known to be reduced in more complex 

conditions (Kok, 2001) and was therefore expected to be reduced in the Stroop 

compared to the NP. As the FP600 has been associated with evaluation processes 

(Cunningham et al., 2005), it was expected that this would be greater in the Stroop 

compared to NP. The [Incongruent – Neutral] difference waveform, or the inhibition 

effect of Stroop was expected to reflect greater additional inhibition processing required 

compared to the low level automatic inhibition of NP.  

Method 

Participants. A total of 38 young adults (23 females) participated in this study. 

The age of participants ranged from 18 to 35 years (M = 21.26, SD = 3.82). Although 42 

young adults completed all tasks, four were excluded from analyses due to EEG 

artifacts in more than 20% of trials. All participants had normal, or corrected to normal 

vision and were screened for previous head injury and current psychiatric diagnosis by 

self-report. Young adults were recruited through the Griffith University psychology 

participant pool and were awarded course credit for their participation.  
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Materials. There were two main sections to the data collection. The first 

consisted of the cognitive inhibition tasks and the second consisted of the 

neuropsychological and wellbeing measures. 

Cognitive Inhibition Tasks. A classic Stroop and an identity NP task were used 

to investigate differences in neural and behavioural correlates associated with controlled 

and automatic cognitive inhibition. Where possible, all components of the two EEG 

tasks were kept consistent in order to minimise differences between the task conditions. 

This included colour of the stimuli, requirements for responding as well as timing of 

trials and sections. For instance, both tasks used the same four colours to present the 

stimuli (red RGB 255, 0, 0; blue RGB 0, 0, 255; green RGB 0, 185, 0; yellow 255, 255, 

0) against a grey background (RGB 100, 100, 100). These colours were selected to be 

easily identifiable as red, blue, green and yellow while minimising eye strain. The grey 

background was also used to reduce glare experienced across the two tasks. The font of 

all stimuli was 72 point Arial. The four response buttons were the same between the 

tasks but labeled differently (see Figure 9). The colour of each key represents the colour 

of the font for Stroop, while a letter label represents the target possibilities for NP (F, K, 

D, J). Further, the position of the keys on the response pad were also counterbalanced so 

that each participant was assigned to one of four possible response orders (e.g., 

Response order 1: red - yellow - green - blue; Response order 2: green - yellow - blue - 

red, etc.). 
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Figure 9. Response pad with four assigned keys used for responding to both tasks; 

colour keys for the Stroop task and letter labels for the NP task. 

Both tasks consisted of a neutral, congruent and incongruent condition; these are 

defined separately for each task below.  

Stroop. A standard Stroop paradigm adapted from Badzakova-Trajkov et al. 

(2009) was used as the controlled inhibition task. The paradigm used three conditions: 

neutral, congruent and incongruent (see Figure 10). For every trial, the participant was 

instructed to press the key that identified the colour of the ink, ignoring what the word 

says. In the neutral condition, one of four neutral words (Day, Give, Paper, Wisdom) 

was randomly displayed in one of the four colours (red, blue, green, yellow), for 

example the word ‘GIVE’ in a red font. The four neutral words were matched in 

character length and syllable to the four colour words used in the other two conditions. 

In the congruent condition, colour words were shown in their respective colour font 

(e.g., ‘RED’ in a red font). In the incongruent condition colour words were shown in a 

colour font other than that stated in the word (e.g., ‘BLUE’ in a red font). 
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Figure 10. Diagram of Stroop paradigm showing each of the three possible conditions. 

Stimuli were presented for 2000ms or until button press. Each blank screen after a 

stimulus presentation was jittered 400-600ms.  

Negative Priming. The automatic cognitive inhibition task was an identity 

negative priming paradigm adapted from Frings and Groh-Bordin (2007). Four letters 

(D, F, J, and K) were used so that the number of alternatives was the same as that used 

in the Stroop paradigm. On each trial three letters were shown on the screen, with one 

target in the centre and two flankers of the same identity on either side of the target (see 

Figure 11). For each condition the task of the participant was to identify the middle 

letter using the response pad. The condition of each trial was determined by the 

relationship with the previous trial. Where the target of the current trial is the same as 

the target of the previous trial, the current trial is congruent. Where the target of the 

current trial is the same as the distractors (flankers) of the previous trial, the current trial 

is incongruent. Finally, where the target of the current trial did not appear in the 

previous trial, the current trial is neutral.  

Neutral 

Congruent 

   GIVE 

  BLUE 

  
 RED 

Incongruent 

Blank screen 
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Figure 11. Diagram of NP paradigm showing the three conditions. Stimuli were 

presented for 2000ms or until button press. Each blank screen after a stimulus 

presentation was jittered 400-600ms.  

The presentation format of the stimuli is consistent with traditional identity NP 

paradigms, however, the technique used to analyse both the behavioural and ERP 

outcomes was adapted for the purpose of this study. Traditional analysis of NP data 

separates all trials into prime-probe pairs (e.g., Gibbons, 2009). That is, the participant 

is not aware of the pairing and only sees a continuous display of presentation trials. 

According to this traditional analysis, the data trials are segmented into primes and 

probes prior to analysis and only probe trials are analysed. This is to address the 

possibility that the carryover effect of inhibiting an element of a stimulus, which is the 

premise of automatic inhibition, might go beyond the successive trial to the trial that is 

two trials after a particular stimulus. An adjustment to this analysis was necessary to 

keep the number of trials and task length the same between the NP and Stroop tasks. On 

the current data set there was no advantage to separating the trials into Prime-Probe 

pairs for either behavioural or ERP data (please see Appendix E for a detailed 

discussion).  
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Neuropsychological and Wellbeing Measures. In addition to the EEG recording 

of the two cognitive inhibition tasks, a number of neuropsychological tests and 

measures of wellbeing were also administered to be used in later studies. Introducing 

the participant to the study, fitting the cap, and running the two cognitive inhibition 

tasks took approximately 45-60 minutes. The following neuropsychological and 

wellbeing measures took another 30-45 min to administer. General intelligence was 

measured to test whether there were differences between the age groups. The remaining 

measures were not analysed for the purpose of this thesis but will be used for another 

research project. 

General intelligence. All participants completed the vocabulary and matrix 

reasoning 2-subtest version of the Wechsler Abbreviated Scale of Intelligence (WASI).  

Speed of processing. All participants completed the coding and symbol search 

measures of the Wechsler Adult Intelligence Scale (WAIS IV).  

Quality of life (QoL). All participants completed the 26 item World Health 

Organisation Quality of Life (WHOQoL) questionnaire. The questionnaire was 

completed in an interview style with the researcher recording the participant’s 

responses. This was done so that each question could be clarified and answered 

uniformly across age groups.  

Symptoms of anxiety and depression. All participants completed the 14-item 

Hospital Anxiety and Depression scale (HADS; Zigmond & Snaith, 1983) once the 

researcher had left the room in order to minimise any influence the presence of others 

might have on their self-report. Although this scale was originally developed for 

assessing patients in a hospital setting, it has also been applied to research in a broad 

range of contexts. The advantages of this measure include: its effectiveness with all age 
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groups, it is short to administer and has a sound concurrent validity with the Becks 

Depression Inventory (Bunce, Handley, & Gaines, 2008).  

Electroencephalography (EEG) Equipment. Continuous EEG was recorded 

using the high-density 64-channel ActiveTwo BioSemi system (Amsterdam, 

Netherlands) that was configured to the standard International 10-20 System (see Figure 

12). The EEG data were recorded relative to common mode sense and driven right leg 

(CMS/DRL) electrodes placed at the back of the head, to the left and right of a midline 

parietal-occipital electrode (POz), respectively. The BioSemi system uses Ag/AgCl 

active electrodes with built in digital amplifiers (band-pass DC – 206Hz, digitised at 

1024 Hz, 24 bit A/D conversion). Continuous EEG was acquired using Actiview 

(version 6.05, 2010) and the stimuli were presented using Presentation software (version 

14.5, Neurobehavioural Systems) on a 22” monitor with an aspect ratio of 16:9. 

Although intended for MEG, the reporting guidelines of Gross et al. (2013) were 

applied where appropriate for EEG. 
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Figure 12. Layout of BioSemi 64 channel cap 

Procedure. The paradigm consisted of two sessions that were completed with a 

short 10 min break between them. In total, participation took approximately 1.5-2 hours 

(see Figure 13).  

 

Figure 13. Overview of procedure. 

On arrival participants were seated in a chair situated in front of the computer 

that was to be used for the EEG recording session. An overall introduction to the 

experiment and the procedure for EEG testing was given verbally. Then the participant 

was asked to read the Information Sheet (Appendix B), ask any questions and then sign 

the consent form (Appendix C). The EEG session was completed first with a battery of 

EEG of NP and 

Stroop 
BREAK 

Neuropsychological 

and Wellbeing Tests 

Introduction 

and fitting of 

EEG cap 

20 min 30 min 10 min 30-60 min 
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neuropsychological and wellbeing measures conducted in the second half. Alternating 

participants started with either the Stroop or NP such that half of the participants 

completed the Stroop first and the other half completed the NP first. 

The participant’s head was measured and a cap size selected and fitted. It was 

aligned such that Cz was placed at the centre point between nasion to inion and also 

from left ear to right ear. Gel was applied to each site to provide a conductive bridge 

between the scalp and the electrodes. All electrode channels were brought within an 

offset range of 20µv as recommended in the ActiveTwo BioSemi manual. External 

facial electrodes were placed at the outer canthus of each eye as well as above and 

below the left eye. This was to measure potential ocular artifacts and would later be 

used for the artifact reduction process the raw EEG data. Exfoliant scrub and alcohol 

was used to prepare the skin surface prior to attaching the external electrodes. The 

participant was seated approximately 60cm away from the screen in a darkened room 

with the door closed to minimise distractions. The seating was arranged so that the 

participant could comfortably reach the response pad with the BioSemi behind them 

(see Figure 14). The participant was then verbally instructed on the first of the two 

cognitive inhibition tasks, followed by on-screen instructions repeating the same 

information.  
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Figure 14. EEG setup of the current study. 

Both tasks began with a practice session of 60 trials (20 for each condition) in 

order for the participant to become familiar with the task, and also to become familiar 

with the keys on the response pad (see Figure 15). Following the practice session there 

were three experimental blocks. Within each block there were 100 trials, for a total of 

300 experimental trials overall. The three blocks were separated by 10 second rest 

breaks and each block lasted approximately 4 minutes. Overall, each condition was 

presented for 100 trials with approximately equal distribution across the three blocks. 

Within each block all three conditions were randomised with constraint such that any 

one condition, as well as any key response, was not presented more than three times in 

succession. Six presentation lists were created meeting these conditions in order to 

provide a number of possible combinations of the conditions and response alternatives. 

These lists were counterbalanced across participants as was the order in which the tasks 

were completed (NP then Stroop, or Stroop then NP). For each trial the stimuli 

remained on the screen for 2000ms or until a response was made. If no response was 



AGEING, INHIBITION and ERPs 90 

 

made within 2000ms, the trial was marked as a missed trial and the next trial was 

initiated. If a response was made within 2000ms the next trial was initiated at the time 

of the response. A blank screen was displayed between trials for a jittered time of 400-

600ms. These parameters were based on Badzakova-Trajkov et al. (2009), (Frings & 

Groh-Bordin, 2007) and the results of a pilot study (N=24) to ensure clear ERP signals 

were generated and that the participant was able to reasonably respond with enough 

time before the initiation of the proceeding trial.  

Practice Total of 60 trials (20 trials of each condition) 

Break Check on participant and provide any relevant feedback 

Block 1 Total of 100 trials  

Break 10 seconds allowing participant to rest their eyes 

Block 2 Total of 100 trials 

Break 10 seconds allowing participant to rest their eyes 

Block 3 Total of 100 trials 

Figure 15. Outline of the EEG task procedure 

At the completion of the EEG session, the participant had a 10 minute break and 

was provided with juice and biscuit as refreshments while the EEG equipment was 

rinsed clean. On the return of the researcher, session 2 was started with the participant 

seated in the same chair but facing an open table with the researcher on the other side. 

The neuropsychological tests were completed, including the TICSm and WASI.  

Analyses. Behavioural data was preprocessed to remove outlying trials. These 

were identified as those trials that were greater than 2.5 times the individual’s SD above 

or below their mean RT. Once these trials were removed the individual’s new mean RT 

was calculated and used for group analysis. Only the correct trials were used to 

calculate mean RT. Data was examined to consider if any individual consistently 

appeared as an outlier across the behavioural and ERP distributions (± 3 SDs). Although 
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there were a number of variables that contained outliers, no individuals were an outlier 

on multiple variables. A recent investigation has reported that ANOVA is robust against 

violations of the assumption of normality (Schmider, Ziegler, Danay, Beyer, & Buhner, 

2010). Further, in the author’s review of ERP papers, none reported transformed ERP 

data. As such, in keeping with the literature, all participants were included in the 

analyses. 

Continuous EEG data of correct trials were processed offline using BESA 

(version 5.3.6, GmbH, Gräfelfing, Germany). Identification and correction for eye-blink 

and muscle artifacts was done using template matching within the BESA software prior 

to individual ERPs averaging. Epochs were defined for a period from 300ms pre-

stimulus to 1000ms post-stimulus with a bandpass filter of 0.1Hz (6db/oct; forward) to 

30Hz (24db/oct; zero phase). Baseline definition was taken from 100ms prestimulus to 

stimulus onset. Filters were applied from 300ms to allow for early effects of the filters 

to pass from 300ms to 100ms prestimulus (REF?). ERPs were compared between 

conditions at the site that best represented the component or peak. For example, the N1 

peak is found over occipital sites, and in this data was most prominent over PO7 and 

PO8. Difference waveforms were used to isolate the scalp activity that is unique to 

inhibition on both tasks by subtracting the neutral from the incongruent ERP waveforms 

for each individual. A group average of the difference waveform was then generated by 

averaging the individual difference waveforms across all participants. Differences in 

ERP activity of the two tasks was assessed by comparing mean amplitude within a 

peak-relevant time window that was selected based on prior research and from visual 

inspection of the grand average waveforms.  

Scalp topographic maps are used in this study to represent whole-head voltage 

distributions, derived from the 64-scalp measurements. These interpolated potential 
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maps are displayed on the three-dimensional reconstruction of a rendered scalp surface 

(derived from an anatomical magnetic resonance imaging) as implemented in the BESA 

software. 

In order to examine task-related differences in performance and processing, RT, 

error rate and ERP mean amplitudes were compared between the tasks using a series of 

ANOVAs. Significant effects were pursued with post-hoc analyses.  

Results 

Neutral and incongruent trials. NP and Stroop were compared on the neutral 

and incongruent trials separately. Analyses of the neutral trials compares the neural 

activity associated with the fundamental cognitive requirements of the two tasks, such 

as visual processing and response selection. Similarly, analyses of the incongruent trials 

highlight the neural activity associate with the cognitive requirements of the tasks where 

there is the need to inhibit or block out the distracting component. 

Behavioural data. The number of errors for NP and Stroop were recorded for 

neutral and incongruent trials. Outlier trials of all correct trials were excluded from 

analysis for each condition at the individual level. Outlier trials were identified by 

calculating the individual’s mean RT and SD for each condition and removing those 

trials that were greater than 2.5 SD above the mean. The mean RT for each condition 

was then recalculated for the individual excluding the outlying trials. 

The presence of an inhibition effect was tested by comparing mean RT of 

incongruent and neutral trials using paired t-tests. As shown in Table 2 incongruent 

trials were found to be significantly slower than neutral trials for both NP (t(37)= -

2.254, p=.030, d = .365) and Stroop (t(37) = -8.683, p< .001, d = 1.41). This confirms a 

significant RT cost associated with the need to inhibit for both the automatic and 

controlled task. The error rate was higher for incongruent trials than neutral trials in the 
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Stroop task (t(37) = -3.49, p= 0.001, d= .57) while there was no significant difference 

on the NP task. 

Table 2 

RT and Error Rate on NP and Stroop for Young Adults 

  NP Stroop t (37) p d 

RT 
Neutral  

778.84 

(156.22) 
670.99 (133.80) 6.151 <.001 1.00 

 
Incongruent  

791.88 

(159.66) 
749.90 (163.33) 1.992 .054 0.32 

Error 

Rate  

Neutral  4.79 (3.03) 3.74 (2.47) 2.272 .029 0.38 

Incongruent  5.55 (3.92) 5.89 (4.24) -0.529 .600 0.08 

 

To consider task related differences in performance of an automatic and 

controlled cognitive inhibition task, a 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral 

vs. Incongruent) repeated measures ANOVA was applied to RT and error rate 

separately. For RT there was a significant main effect of Task (F(1,37) = 15.89, p< 

.001, ƞ2
p = .300) and Condition (F(1,37) = 59.63, p< .001, ƞ2

p = .617). There was also a 

Task x Condition 2-way interaction (F(1,37) = 48.06, p< .001, ƞ2
p = .565). Follow-up 

paired-sample t-tests found that RT was faster for Stroop than NP on neutral trials but 

that the tasks were not significantly different on incongruent trials (see Table 2). 

 For error rate, the main effect of Task was not significant (F(1,37) = .627, p = 

.433, ƞ2
p = .017). The Condition main effect (F(1,37) = 9.91, p = .003, ƞ2

p = .211) and 

the Task x Condition 2-way interaction (F(1,37) = 4.21, p = .047, ƞ2
p = .102) were 

significant. Follow-up paired t-tests found that there were more errors for NP than 

Stroop on neutral trials, but there was no difference between the tasks on incongruent 

trials. 
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Electrophysiological data. Scalp potentials for all 64 channels are presented in 

Figure 16. From this whole head montage, the early occipital activity (N1), as well as 

the parietal positive peak (P3) and late positivity (FP600) over frontal sites can be seen. 

 

Figure 16. Grand average ERPs of incongruent trials in Young adults of NP (red) and 

Stroop (blue).  

Early N1 ERP component. There was an early occipital negativity during the 

time window that is associated with the N1 (140-180ms) that was most prominent over 

PO7 and PO8. This activity can be seen to be more negative for NP than Stroop on 

incongruent trials (see Figure 17). A 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. 

Incongruent) x 2 (Electrode: PO7 vs. PO8) repeated measures ANOVA found a 

significant Task main effect, with NP being more negative than Stroop (F(1,37) = 

20.81, p< .001, ƞ2
p = .360), and an Electrode main effect, with PO7 being more negative 

than PO8 (F(1,37) = 14.15, p = .001, ƞ2
p = 277). There was a significant 2-way Task x 

Condition interaction (F(1,37) = 5.52, p = .024, η2
p = .130) and the Task x Electrode 

interaction approached significance (F(1,37) = 3.98, p = .053, η2
p = .097). These were 

qualified by a significant 3-way interaction of Task x Condition x Electrode (F(1,37) = 

P3 

FP600 

N1 
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6.02, p = .019, η2
p = .140). Follow-up paired samples t-tests found the tasks differed at 

PO7 (t(37) = -3.59, p = .001, d =.34) and PO8 (t(37) = -4.26, p < .001, d =.40) on 

incongruent trials, and at PO8 (t(37) = -4.53, p < .001, d =.34) but not PO7 (t(37) = -

1.28, p = .207, d =.12) for neutral trials (see Figure 18). 

   

  

 

 

Figure 17. Left: ERP N1 grand averages for NP (red line) and Stroop (blue line) during 

neutral trials (top) and incongruent trials (bottom) for Young adults. The shaded area 

represents 140-180ms post-stimulus. Right: Topographical amplitude maps at 150 ms of 

NP (top) and Stroop (bottom).  
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Figure 18. Bar graph depicting 3 way interaction where NP and Stroop differ at both 

sites on incongruent trials, but only at PO8 on neutral trials. Error bars are SEM. 

Mid-latency P3 ERP component. There was bilateral activity over parietal 

locations during the time associated with the P3 peak (250-350ms) for both tasks that 

was dominant over P5 and P6 electrode sites (see Figure 19). A 2 (Task: NP vs. Stroop) 

x 2 (Condition: Neutral vs. Incongruent) x 2 (Electrode: P5 vs. P6) repeated measures 

ANOVA found there was a significant main effect of Task with NP having a greater 

positivity than Stroop (F(1,37) = 4.86, p = .034, η2
p = .116) and a main effect of 

Electrode with P6 being more positive than P5 (F(1,37) = 4.56, p = .039, η2
p = .110). No 

interactions were significant. 
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Figure 19. Left: ERP P3 grand averages for NP (red line) and Stroop (blue line) during 

neutral trials (top) and incongruent trials (bottom) for Young adults. The shaded area 

represents 250-350ms post-stimulus. Right: Topographical amplitude maps at 300 ms of 

NP (top) and Stroop (bottom).  

Late FP600 ERP component. Across the time frame associated with the FP600 

(400-600ms) there was a frontal positivity that seemed more dominant in the right 

hemisphere (Figure 20). A 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. 

Incongruent) x 2 (Electrode: AF7 vs. AF8) repeated measures ANOVA found a main 

effect of Task such that the mean amplitude of Stroop was greater than NP (F(1,37) = 

5.67, p = .023, η2
p = .133) and a main effect of Electrode (F(1,37) = 4.78, p = .035, η2

p 

= .114) with AF8 being more positive than AF7. There was a significant 2-way 

Condition x Electrode interaction (F(1,37) = 5.47, p = .025, η2
p = .129). Follow-up 

paired samples t-tests found that AF7 and AF8 are not different on Neutral trials (t(37) 

= -1.86, p = .071, d =.45) but that AF8 is more positive than AF7 on Incongruent trials 

(t(37) = -2.45, p = .019, d =.59)(see Figure 21).  
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Figure 20. Left: ERP FP600 grand averages for NP (red line) and Stroop (blue line) 

during neutral trials (top) and incongruent trials (bottom) for Young adults. The shaded 

area represents 400-600ms post-stimulus. Right: Topographical amplitude maps at 150 

ms of NP (top) and Stroop (bottom). 

 

 

Figure 21. Bar graph depicting 2 way interaction. Error bars are SEM. 
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In summary, NP had longer RT and a higher error rate than Stroop on neutral 

and incongruent trials. For correct trials NP had greater ERP amplitude for N1 and P3 

compared to the Stroop. During later processing, Stroop was more positive than NP for 

the FP600. 

The Inhibition Effect. The unique cost and activity associated with the need to 

inhibit was quantified by subtracting the neutral data from the incongruent data for RT, 

error rate and ERP mean amplitudes. This improves the comparison between an 

automatic and controlled inhibition by reducing confounds associated with the 

fundamental processing of the two tasks. Comparing the behavioural and ERP data of 

the neutral and incongruent trials allowed comparison on the fundamental processing of 

the task. On the other hand, comparing the tasks on the difference data, or inhibition 

effect, considers whether the degree or magnitude of the inhibition effect was different 

between the tasks. 

Behavioural data. The RT and error rate inhibition effect were compared 

between the tasks using paired t-tests. As seen in Table 3, the cost of inhibition was 

greater for Stroop than NP for both RT and error rate.  

Table 3 

RT and Error Rate on NP and Stroop Inhibition Effect for Young Adults 

 NP Stroop t (37) p d 

RT 13.56 (36.09) 78.91 (56.02) -6.814 <.001 1.11 

Error Rate 0.76 (3.25) 2.16 (3.81) -2.053 .047 0.33 

 

Electrophysiological Data. The difference waveforms [incongruent – neutral] of 

NP and Stroop are presented in Figure 22. There was an increase in activity between 

250-350ms (maximal at 300ms) post-stimulus for the Stroop ERP inhibition effect. 

There was no such increase seen for the NP ERP inhibition effect. The mean amplitude 
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was compared from 250-350ms using a 2 (Task: NP vs. Stroop) x 3 (Electrode: Cz vs. 

CPz vs. Pz) repeated measures ANOVA. There was a main effect of task (F(1,37) = 

10.83, p = .002, η2
p = .226) indicating that the Stroop ERP inhibition effect was 

significantly greater than the NP ERP inhibition effect. There was no Electrode main 

effect and no significant interaction.  

 

Figure 22.  Grand average ERPs for inhibition effect of NP and Stroop in Young adults. 

The shaded area represents 250-350ms post-stimulus.  

Discussion 

The purpose of this study was to identify similarities and differences between 

automatic and controlled cognitive inhibition in healthy young adults using both 

behavioural and ERP data. As predicted, the Stroop did elicit a stronger behavioural 

inhibition effect than NP, with a longer RT delay and more additional errors. The ERP 

waveform of the Stroop task was expected to reflect greater cognitive demand compared 

to the NP task. The ERP inhibition effect showed a peak at 250-350ms over the centro-

parietal region of Cz to Pz in the Stroop that was not apparent in the NP. This 
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demonstrates unique processing that is around the time and location commonly 

associated with the P3. This effect, combined with the behavioural findings of the 

inhibition effect suggest that the processing required to inhibit the distracting 

components of the Stroop task are both qualitatively and quantitatively different to 

those of the automatic NP task. This is in contrast to the single underlying inhibitory 

mechanism suggested by (Goghari & MacDonald, 2009), and instead suggests that the 

additional activity associated with intentional and unintentional inhibition is in some 

way distinct.  

Further support for a controlled versus automatic distinction is that the Stroop 

task had greater performance costs (RT and error rate) at the same time as recruiting 

additional neural activity, compared to the automatic NP task. This supports previous 

findings showing that automatic inhibition is superior in performance to controlled 

inhibition despite an associated reduction in brain activity (Saling & Phillips, 2007) 

That is, while performance on automatic tasks is generally better in performance 

outcomes than controlled tasks, there is less neural activity required to achieve these 

outcomes. In the current study, while the automatic inhibition was more successful than 

controlled inhibition with less RT cost associated with the need to inhibit (see Table 2), 

there was less additional neural activity seen in the difference waveform for the NP than 

the Stroop task (see Figure 22).  

The differences in fundamental processing of the NP and Stroop tasks were 

considered by comparing the neutral trials. Interestingly, the behavioural findings 

suggest that NP required greater processing than Stroop with slower RTs and higher 

error rate during neutral trials (see Table 2). This suggests that there may have been 

some element of the NP task that participants found significantly more difficult, or at 

least took longer to respond to than the Stroop task. It may be that the response 
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requirements were easier, or more intuitive for Stroop than NP (see Figure 9). For 

example, perhaps the coloured buttons were easier to map during the practice sessions 

than the small letter stickers. A substantial practice session was provide, however this 

still may have been the case. Alternatively, there may be something about the task 

requirements that take longer for participants to respond to in the NP than the Stroop. 

ERPs on neutral trials highlight processing differences associated with the fundamental 

components of the stimuli, where there is no facilitation occurring, nor inhibition 

required. In this study, the N1 and P3 were greater in NP than Stroop, while the FP600 

was greater in Stroop than NP.  

It has been previously argued that the early N1 is associated with processing of 

flanker information, in particular the isolation of target from flanker information (Wild-

Wall, 2008). In the current study the NP task had a centralised target with bilateral 

flankers while the stimuli of the Stroop task did not contain flankers. As such, the 

current findings support the above notion with a greater N1 negativity for NP than 

Stroop. A lateralised effect of N1 has been reported with greater negativity over the left 

hemisphere during early processing of both words (Maurer et al., 2008) and letter 

strings (Vogel & Luck, 2000) however these have not previously been compared within 

the sample. The current findings suggest that on neutral trials the Stroop task is more 

left lateralised than the NP, reflecting greater lateralisation for words than for letter 

strings. Interestingly, there was an equal degree of left lateralisation on the incongruent 

trials of both tasks, perhaps reflecting an increased visual discrimination required on 

incongruent trials.  

As expected, the middle stage of processing, as represented by the P3, was 

smaller in the Stroop task compared to NP. This may reflect the greater cognitive load 

of the controlled task resulting in smaller P3 amplitude (Chen et al., 2008; Kok, 2001). 
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However, when isolated, it was evident that this was the case for the right hemisphere 

but not the left. Right lateralisation has been found for a frontal negativity in a similar 

time window of 250-500ms under conditions of response inhibition (Lahat, Todd, 

Mahy, Lau, & Zelazo, 2010). Inspection of Figure 14 suggests that there may be a 

concurrent right frontal negativity, and as such it is possible that it could be reducing the 

amplitude of the right parietal positivity of the P3 being compared here. That is, the 

reduction of the P3 is potentially due to an increase in a component in neighbouring 

regions. 

Late frontal activity, or the FP600, has been associated with intentional 

inhibition, evaluation and resolution (Cunningham et al., 2005; Kaan & Swaab, 2003). 

Both EEG source analysis (Hauswald et al., 2011) and fMRI data (Cunningham, Raye, 

& Johnson, 2004) suggest that activity in the right dorso-lateral prefrontal cortex is 

associated with conditions requiring cognitive control. Interestingly, the current data 

found a right lateralisation for both the controlled, or effortful, inhibition as well as the 

automatic inhibition, such that the right frontal late activity was greater for Stroop than 

NP. This may reflect the greater degree of evaluation, monitoring and conflict resolution 

required by the Stroop than NP. 

When comparing the tasks on the incongruent trials, the two tasks did not differ 

on error rate. Although NP was slower than Stroop, the difference was less than was 

seen on the neutral trials (see Table 2). Comparing the tasks using ERP data of 

incongruent trials found that the tasks only differed during the early processing of N1, 

with NP showing greater negativity than Stroop (see Figure 17). That is, neural activity 

under conditions where inhibition is required is equal regardless of awareness of the 

need to inhibit.  
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This is one of few studies to directly compare controlled and automatic cognitive 

inhibition and is the first to our knowledge that compares neural processing between the 

levels of inhibition. The findings of this study suggest that controlled inhibition is 

associated with additional neural activity over centro-parietal sites where automatic 

inhibition is not in young healthy adults. The fundamental processing of the tasks 

during neutral trials demonstrated additional early visual processing for NP compared to 

Stroop, perhaps due to the flanker components present, and greater evaluative 

processing for Stroop in the late FP600. During neutral trials, Stroop had a reduced P3 

amplitude compared to NP possibly reflecting the greater complexity of the 

fundamental task (Kok, 2001). However, where the additional component of inhibition 

is required, as seen in the difference waveform (see Figure 22), the more intentional, 

effortful inhibition component of Stroop was associated with an increase in activity over 

the centro-parietal sites from 250-350ms that was not seen in the automatic inhibition 

component of NP. This is the same time and location associated with the P3. It could be 

that the P3 decreases in amplitude with increases in complexity of the fundamental task 

as seen on neutral trials (see Figure 19). However, the P3 activity may then increase 

where there is an additional component, such as inhibitory control, that requires 

additional cognitive effort as evidenced by the difference waveform. 

This study was limited to a sample of young healthy adults. In populations 

where automatic processing is thought to be preserved but controlled processing 

impaired, the relationship between these two types of inhibition is not known. In order 

to determine how the change in this effect is seen for controlled and automatic 

inhibition, this paradigm could be tested in healthy older adults or clinical populations. 

Study 2 was designed to apply this paradigm to two healthy older adult populations in 
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order to identify if the differences between controlled and automatic processing remain 

in middle age and older adults. 
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Chapter 5: Study 2 – Automatic versus Controlled Processing of Cognitive 

Inhibition in Middle Age and Older Adults 

As seen in Study 1, neural processing of the neutral trials of an automatic and 

controlled inhibition task are differentiable for healthy young adults. More importantly, 

the additional processing as highlighted by the inhibition effect difference waveform, 

demonstrated unique, additional activity required for controlled inhibition that was not 

present for automatic inhibition. Previous behavioural studies have found that older 

adults show impairment in controlled inhibition, but not automatic (Andres et al., 2008; 

Collette et al., 2009). However it is unclear if this is also the case for the neural 

processing involved in automatic and controlled levels of cognitive inhibition. Previous 

behavioural (eg. Germain & Collette, 2008) and ERP (eg. Friedman et al., 2008) 

research has found that while young adults have distinct neural processing under 

different conditions, older adults seem to rely on common cognitive resources. This has 

often been interpreted as demonstrating impaired controlled processing. However, there 

has been the suggestion that older adults are using more controlled processing in order 

to perform the automatic task, and as such it is the automatic processing that is in fact 

‘impaired’ (Alain et al., 2004). 

Neurocognitive theories of ageing offer contradictory predictions regarding 

differences in cognitive control in older adults. The frontal lobe hypothesis (see Section 

3.2.1) suggests that degeneration is specific to frontal areas and those processes that rely 

on executive functions, which are associated with frontal activity, are particularly 

compromised (Forster et al., 2010; Greenwood, 2000). If this is the case, then we would 

expect to see preserved automatic performance and processing and impaired controlled 

performance and processing. In particular, the additional RT costs of the need to inhibit 

would remain low for NP but much higher for Stroop. That is, the behavioural 
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difference between the two tasks would be greater. Indicators of neural processing of 

the Stroop task would demonstrate the difficulties in frontal processing presumably with 

reduced activity at the frontal EEG sites. For example, in this paradigm it may be that 

the late frontal processing that was greater for Stroop than NP in young adults, becomes 

lower and more similar in both tasks for older adults.  

Alternatively, dedifferentiation theory suggests that neural processing of tasks 

become more similar or less differentiated with age (Germain & Collette, 2008)(See 

Section 3.2.2). Of particular interest is the suggestion that neural processing of 

automatic tasks is compromised with age and as a result processing of automatic tasks 

come to rely on controlled and effortful processing (Alain et al., 2004). If this is the 

case, we would expect to see preserved automatic performance using behavioural data, 

but impaired automatic neural processing using ERP data. Further, where this is the 

case, the automatic neural processing would be more similar to the controlled neural 

processing reflecting the greater neural effort involved. In particular, the additional 

neural activity that was unique to Stroop inhibition for young adults, would be apparent 

in both the NP and Stroop inhibition effect. 

One of the limitations of ageing research in cognitive neuropsychology is that 

age comparisons are for the most part made with a dichotic separation between young 

and older adults. By limiting the group comparisons to two groups the presence of either 

a gradual or step progression cannot be examined. As such, this study sought to extend 

the current knowledge by using two older adult groups; one representing middle age of 

55-70 years, and the second representing older adults greater than 70 years. The current 

study aimed to identify the similarities and differences between automatic and 

controlled processing of inhibitory control in middle age and older adults. Both the 

frontal ageing hypothesis and the dedifferentiation theory would predict that the 
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behavioural cost of inhibition would be greater for the Stroop and remain small for the 

NP task. However the neural processing underlying these behavioural effects would 

differ. In particular, where the Frontal Ageing Hypothesis is more accurate the ERP 

difference waveform of the two tasks would be similarly reduced. That is, due to 

reduced ability to engage effortful controlled processing, the difference waveform of the 

Stroop would become more similar to the difference waveform of the NP. On the other 

hand, the Dedifferentiation Theory would suggest that the ERP inhibition effect of the 

two tasks would be similarly pronounced. That is, the difference waveform of the NP 

would be increased and demonstrate effortful controlled processing more similar to the 

difference waveform of the Stroop. As previous research has used a wide range of ages 

for ‘older adults’ age groups, there is no reason to predict that these hypotheses would 

apply differentially to the Middle aged and Older adult groups in this study. 

Method 

Participants. Middle and older adults were recruited from the community by 

oral and print advertising asking interested individuals to contact the researcher. The 

research study was promoted through community based oral presentations as well as 

printed local advertising. Oral presentations promoting the study were made at a number 

of community groups such as those at retirement villages, walking groups, Rotary and 

Men’s Shed. Print advertising was placed in a quarterly newsletter called The Ageing 

Mind Initiative that is sent to interested individuals over 50 years of age who are living 

in the local community (Appendix A). This is a newsletter that is managed by 

Professors Pachana and Byrne of University of Queensland and is solely established to 

promote various age-related research studies. Participants were also recruited through 

word of mouth of previous participants. 
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At initial contact, potential participants were questioned regarding any history of 

head injury or current diagnosis of any psychiatric illness and were screened on this 

basis. As such, all participants of this study reported no previous head injury or current 

psychiatric diagnosis. Further, all participants reported normal, or corrected to normal 

vision. After initial contact, participants were sent an information pack (Appendix D) 

that included a map of the campus, parking instructions and instructions on how to get 

to the laboratory. All community-based participants were compensated $20 for their 

time and travel. 

After data collection, participants were excluded based on poor EEG recordings. 

Those participants with more than 20% of trials rejected due to EEG artifacts were 

excluded from all comparisons. On this basis, one middle age adult, and four older 

adults were excluded from the study. There was one participant from the older adults 

group that was an outlier on Error Rate of NP on Incongruent trials. The relevant 

analyses were run with and without the participant and there was no change in the 

outcomes of either main or interaction effects (see Appendix F). As such, data of this 

participant was retained for all analyses. After all screening procedures, two older age 

groups were recruited from the community with 23 middle age adults (55-70 yrs, M = 

63.57, SD = 5.05; 11 females) and 23 older adults (71-84 yrs, M = 74.43, SD = 3.81; 14 

females). 

Materials, Equipment, Procedure and Analysis. The materials, equipment and 

analysis described in Study 1 were also used for Study 2. 

Dementia screen. The Telephone Interview for Cognitive Status (TICSm) was 

used to screen older adults for signs of early stage dementia (Study 2). The TICSm was 

used because it is a relatively short measure to administer and has been shown to 

reliably identify both dementia and amnestic mild cognitive impairment in a sample of 
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community-dwelling older adults (Cook, Marsiske, & McCoy, 2009). No participant 

scored below the cut-off score suggested by Pachana, Alpass, Blakey, and Long (2006) 

of 30 (Middle aged adults range 34-43, mean = 39.13, SD = 2.30); Older adults range 

30-40, mean = 36.83, SD = 2.57). 

Functional independence. Participants from the two older age groups were asked 

to complete a functional independence measure so that the relationship between 

cognitive inhibition and functional independence could be considered. Functional 

independence was assessed using the 11-item Assessment of Living Sills and Resources 

(ALSAR; Clemson, Bundy, Unsworth, & Singh, 2009). This particular measure was 

used as it not only asks what the individual manages to do on their own, but also what 

they manage to get done with the resources around them. All participants were highly 

independent and there was little variance in either group (Middle aged adults: mean = 

1.91; Older Adults: mean = 2.14) with a possible range of 0-44. Due to the low degree 

of variance, functional independence was not used for the intended purpose. High-

functioning adults is a common sampling bias associated with laboratory-based 

experiments. That is, those adults who are able to respond to the advertising, 

independently come to the university, understand the directions and parking 

arrangements, are likely to be high functioning individuals. 

Results: Middle age adults 

Neutral and incongruent trials. As was done for the young adults, NP and 

Stroop were compared on the neutral and incongruent trials in order to determine 

differences associated with the fundamental processing of the tasks themselves.  

Behavioural data. To test for the presence of an inhibition effect, performance 

data of incongruent trials was compared to that of neutral trials. In Middle aged adults, 

there was a significant RT inhibition effect on the Stroop task with incongruent trials 
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being significantly slower than neutral trials (t(22) = -6.33, p < .001, d = 1.32). There 

was no significant inhibition effect for error rate on the Stroop task. There was no 

significant inhibition effect for either RT or error rate on the NP task in this age group. 

RT and error rate of neutral and incongruent trials for both tasks are presented in Table 

4.  

To test for differences in performance on the automatic and controlled tasks, a 2 

x (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) repeated measures 

ANOVA was applied to RT and error rate separately. For RT the main effect of Task 

was not significant (F(1,22) = .709, p = .409, η2
p = .031). Both the main effect of 

Condition (F(1,22) = 45.34, p < .001, η2
p = .673) and the Task x Condition 2-way 

interaction (F(1,22) = 26.56, p < .001, η2
p = .547) were significant. Paired samples t-

tests found that RTs were significantly faster in the Stroop compared to NP for neutral 

trials but there was no difference between the tasks on incongruent trials. There were no 

significant main effects of task or condition and no significant interaction effects for 

error rate. 

Table 4 

RT and Error Rate on NP and Stroop for Middle aged adults 

 NP Stroop t (22) p d 

RT Neutral  905.90 (147.83) 820.33 (149.60) 3.05 .006 .64 

 Incongruent  914.16 (150.49) 940.21 (217.92) -.56 .580 -.12 

Error 

Rate 

Neutral  2.52 (2.25) 2.35 (3.35) .34 .740 .07 

Incongruent  2.39 (2.31) 3.09 (3.77) -1.04 .308 -.22 

 

Electrophysiological Data. The early processing occipital N1, mid-processing  

parietal P3 and late processing frontal FP600 can be seen in the whole head montage of 

the 64 channels as presented in Figure 23. 
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Figure 23. Grand average ERPs of middle aged adults for incongruent trials of NP (red) 

and Stroop (blue).  

Early N1 ERP component. During the early time window of the N1 peak, 140-

180ms, there was an occipital negativity that was maximal over PO7 and PO8 for both 

tasks (see Figure 24). Further, this activity seemed lateralised such that there was 

greater negativity on the left than the right. Using a repeated measures 2 (Task: Stroop 

vs. NP) x 2 (Condition: Neutral vs. Incongruent) x 2 (Electrode: PO7 vs. PO8) 

ANOVA, the main effect of Electrode was significant (F(1,22) = 14.49, p = .001, η2
p = 

.397) and the Task main effect approached significance (F(1,22) = 4.25, p = .051, η2
p = 

.162) with NP being more negative than Stroop. There was a significant Condition x 

Electrode 2-way interaction (F(1,22) = 7.19, p = .014, η2
p = .246). The 3-way 

interaction was not significant.  

To further investigate the 2-way interaction, the amplitude for the two tasks was 

pooled at each site for neutral and incongruent trials. A paired samples t-test found that 

the difference between the electrodes (PO7 – PO8) was greater for neutral than 

incongruent (t(23) = -2.68, p = .014). That is, PO7 was more negative than PO8 for both 

P3 

FP600 

N1 
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neutral and incongruent trials, but that this lateralisation was greater for neutral than 

incongruent (see Figure 25).  

   

   

Figure 24. Left: ERP N1 grand averages for NP (red line) and Stroop (blue line) during 

neutral trials (top) and incongruent trials (bottom) for Middle aged adults. The shaded 

area represents 140-180ms post stimulus. Right: Topographical amplitude maps at 150 

ms of NP (top) and Stroop (bottom).  
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Figure 25. Difference in mean amplitudes between PO7 and PO8 for neutral and 

incongruent trials. Error bars are SEM. 

Mid-latency P3 ERP component. During the mid-latency period of the P3, 250-

350ms post stimulus, there was bilateral activity at parietal locations for both tasks, as 

seen in Figure 26. A 2 (Task: NP vs. Stroop) x 2 (Electrode: P5 vs. P6) repeated 

measures ANOVA found there was no significant main or interaction effect. 
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Figure 26. Left: ERP P3 grand averages for NP (red line) and Stroop (blue line) during 

neutral trials (top) and incongruent trials (bottom) for Middle aged adults. The shaded 

area represents 250-350ms post-stimulus. Right: Topographical amplitude maps at 300 

ms of NP (top) and Stroop (bottom).  

Late FP600 ERP component. Across the time frame of the FP600, 400-600ms, 

there was a frontal positivity that seemed more dominant in the right hemisphere 

(Figure 27). A 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) x 2 

(Electrode: AF7 vs. AF8) found a significant main effect of Electrode (F(1,22) = 15.55, 

p= .001, η2
p = .414) with the right being more positive than the left. There was no main 

effect of Task or Condition and there were no significant interactions. 
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Figure 27. Left: ERP FP600 grand averages for NP (red line) and Stroop (blue line) 

during neutral trials (top) and incongruent trials (bottom) for Middle aged adults. The 

shaded area represents 400-600ms post-stimulus. Right: Topographical amplitude maps 

at 500 ms of NP (top) and Stroop (bottom).  

In summary, RT was faster on Stroop than NP for neutral trials, but there was no 

difference between the tasks on incongruent trials. Across the three ERP peaks a main 

effect of Task was not significant nor were there any significant Task-related 

interactions.  

The Inhibition Effect. As was done for the young adults, the unique cost and 

activity associated with the need to inhibit was calculated by subtracting the neutral data 

from the incongruent data for RT, error rate and ERP mean amplitudes. The mean 

amplitude of the difference waveform was calculated from the same time window as 

was used in Study 1 with the young adults: 350-450ms.  

Behavioural Data. Comparing the magnitude of the inhibition effect across the 

tasks using paired t-tests found that the RT inhibition effect of Stroop was greater than 
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the inhibition effect of NP. The cost in errors was not different between the tasks (see 

Table 5).  

Table 5 

RT and Error Rate inhibition effect for NP and Stroop for Middle aged adults 

 NP Stroop t (22) p d 

RT 8.26 (36.46) 119.87 (91.09) -5.14 <.001 -1.07 

Error Rate -.13 (1.74) .69 (2.90) -1.11 .280 -.23 

 

Electrophysiological Data. A peak similar to that seen in the Stroop inhibition 

waveform of the young adults is seen in Middle aged adults for both Stroop and NP, 

between 350-450ms post stimulus (Figure 28). A 2 (Task: NP vs. Stroop) x 3 

(Electrode: Cz vs. CPz vs. Pz) found a Task main effect with mean amplitude of Stroop 

being greater than NP (F(1,22) = 5.05, p = .035,η2
p = .187). There was no Electrode 

main effect and no significant interaction.  
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Figure 28. Grand average ERPs for inhibition effect of NP and Stroop in Middle aged 

adults. The shaded area represents 350-450ms post-stimulus. 

Results: Older adults 

Neutral and incongruent trials. As done previously, NP and Stroop were 

compared on the neutral and incongruent trials in order to determine differences 

associated with the fundamental processing of the tasks themselves. 

Behavioural data. There was a significant RT inhibition effect for both tasks 

with incongruent trials significantly slower than neutral trials on NP (t(22)= -2.21, 

p=.038, d = .460), and Stroop (t(22) = -7.848, p<.001, d = 1.64). Error rate of 

incongruent trials was higher than neutral trials in the Stroop task (t(22) = -4.232, 

p<.001, d = .88), but not on the NP task.  

The neutral and incongruent trials were compared between the tasks using a 2 

(Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) repeated measures 

ANOVA. For RT data, the main effect of Task was not significant (F(1,22) = .89, p = 

.357, η2
p = .039), but the Condition main effect was significant (F(1,22) = 75.78, p < 

Cz 

CPz 

Pz 
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.001, η2
p = .775). Further, the Task x Condition interaction was also significant (F(1,22) 

= 35.61, p < .001, η2
p = .618). Follow-up paired t-tests found that RT was slower for NP 

than Stroop on neutral trials, whereas performance did not differ between the tasks on 

incongruent trials (see Table 6). 

The main effect of Task was not significant for error rate (F(1,22) = 1.26, p = 

.273, η2
p = .054). The Condition main effect was significant (F(1,22) = 7.99, p = .010, 

η2
p = .266) and the Task x Condition interaction was also significant (F(1,22) = 11.98, p 

= .002, η2
p = .353). Follow-up paired t-tests found that RT was slower and there were 

greater errors for NP than Stroop on neutral trials, whereas performance did not differ 

between the tasks on incongruent trials (see Table 6).  

Table 6 

RT and Error Rate on NP and Stroop for Older Adults 

  NP Stroop t (22) p d 

RT Neutral 990.75 (164.48) 902.11 (152.52) 2.79 .011 .58 

 Incongruent 1004.63 (152.52) 1024.38 (205.06) -.47 .644 -.10 

Error 

Rate 

Neutral  4.52 (5.54) 2.13 (2.58) 2.10 .047 .44 

Incongruent 4.17 (4.79) 4.39 (3.46) -.23 .817 -.05 

 

Electrophysiological Data. The grand average scalp potentials for all 64 

channels are presented in Figure 29. The location of the N1, P3 and FP600 ERP peaks 

are represented as done previously for Young and Middle aged adults.  
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Figure 29. Grand average ERPs of incongruent trials in Older adults of NP (red) and 

Stroop (blue).  

Early N1 ERP component. During the early time window of the N1, 140-180ms, 

there was an occipital negativity that seemed more negative on the left than the right 

(see Figure 30). Task differences in mean amplitudes were assessed using a 2 (Task: 

Stroop vs. NP) x 2 (Condition: Neutral vs. Incongruent) x 2 (Electrode: PO7 vs. PO8) 

repeated measures ANOVA. There was a significant Electrode main effect (F(1,22) = 

14.56, p = .001, η2
p = .398) such that PO7 was more negative than PO8. The main effect 

for Task and Condition, and the interaction effects were not significant. 

P3 

FP600 
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Figure 30. Left: ERP N1 grand averages for NP (red line) and Stroop (blue line) during 

neutral trials (top) and incongruent trials (bottom) for Older adults. The shaded area 

represents 140-180ms post-stimulus. Right: Topographical amplitude maps at 150 ms of 

NP (top) and Stroop (bottom).  

Mid-latency P3 ERP component. Parietal positivity reflecting a P3, 250-350ms, 

was less prominent in the older adults than it was in the young and middle aged adults 

(see Figure 31). A 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) x 2 

(Electrode: P5 vs. P6) repeated measures ANOVA found no significant main effect for 

either Task, Condition or Electrode and no significant interaction effects.  
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Figure 31. Left: ERP P3 grand averages for NP (red line) and Stroop (blue line) during 

neutral trials (top) and incongruent trials (bottom) for Older adults. The shaded area 

represents 250-350ms post-stimulus. Right: Topographical amplitude maps at 300 ms of 

NP (top) and Stroop (bottom). 

Late FP600 ERP component. During the later time frame of FP600, 400-600ms, 

there was a frontal positivity that seemed more dominant in the right hemisphere (see 

Figure 32). A 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) x 2 

(Electrode: AF7 vs. AF8) repeated measures ANOVA found a significant main effect of 

Electrode, such that AF8 was more positive than AF7 (F(1,22) = 15.16, p = .001,η2
p = 

.408). There was no significant main effect of Task or Condition and no significant 

interaction effects. 

 

+2µv 

-2µv 

-200ms 

+2µv 

-2µv 

-200ms 

P5 P6 

P6 P5 



AGEING, INHIBITION and ERPs 123 

 

  
 

   

Figure 32. Left: ERP FP600 grand averages for NP (red line) and Stroop (blue line) 

during neutral trials (top) and incongruent trials (bottom) for Older adults. The shaded 

area represents 400-600ms post-stimulus. Right: Topographical amplitude maps at 500 

ms of NP (top) and Stroop (bottom).  

In summary, RT was slower and there were greater errors for NP than Stroop on 

neutral trials, but no behavioural difference on incongruent trials. As for middle aged 

adults, there were no significant main or interaction effects that involved Task.  

The Inhibition Effect. As was done previously, the unique cost and activity 

associated with the need to inhibit was calculated by subtracting the neutral data from 

the incongruent data for RT, error rate and ERP mean amplitudes. 

Behvaioural Data: Comparing magnitude of the inhibition effect for the tasks 

found that Stroop was associated with a greater RT and error rate cost than NP (refer to 

Table 7).  
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Table 7 

RT and Error Rate inhibition effect on NP and Stroop for Older Adults  

 NP Stroop t (22) p d 

RT 14.17 (31.72) 122.34 (74.75) -6.02 <.001 -1.26 

Error Rate -.348 (2.29) 2.26 (2.56) -3.46 .002 -.72 

N.B. Mean in milliseconds, and standard deviation in parentheses. 

Electrophysiological Data. The ERP inhibition effect in older adults does not 

see a peak reflecting that seen in the young and middle aged adults (Figure 33). NP and 

Stroop mean amplitude were compared across the 350-450ms in line with the peak seen 

in middle aged adults. A 2 (Task: Stroop vs. NP) x 3 (Electrode: CPz vs. Cz vs. Pz) 

repeated measures ANOVA found that there was no main effects and no significant 

interaction effects. 

 

Figure 33. Grand average ERPs for inhibition effect of NP and Stroop in Older adults. 

The shaded area represents 350-450ms post-stimulus.  
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Discussion 

The purpose of this study was to clarify similarities and differences between 

inhibitory demands associated with automatic and controlled cognitive inhibition in two 

older populations. There was a significant inhibition effect on the controlled Stroop 

task, with delayed RT for incongruent trials, for both Middle aged and Older adults. 

While Older adults also showed a significant inhibition effect for the RT of the 

automatic NP task, Middle aged adults did not. For both Middle aged and Older adults, 

the RT inhibition effect of the Stroop task was greater in magnitude than the NP task 

indicating greater performance cost for the controlled than the automatic cognitive 

inhibition task.  

For both Middle aged and Older adults there were no task-related differences in 

ERP amplitude differences for any of the early, middle or late ERP peaks. These 

findings may support the dedifferentiation theory for the fundamental processing of the 

two tasks. That is, similar neural mechanisms are being employed by these age groups 

for the automatic and controlled tasks during the neutral and incongruent trials. The 

difference waveform was affected differentially between the groups with the Middle 

aged adults showing an additional peak in activity for the controlled Stroop task such 

that the peak for the Stroop task was greater in amplitude compared to the NP task. In 

contrast, there was no additional activity for either the NP or Stroop inhibition effect in 

Older adults and no differences between the tasks for this age group. While the ERP 

data of the Young adults in Study 1 suggested distinct processing of automatic and 

controlled cognitive inhibition for both the fundamental aspects of the task as well as 

the additional activity required for cognitive inhibition, the ERP data of the Middle and 

Older adults of this study support the idea of a single underlying inhibitory mechanism, 

in line with Goghari and MacDonald (2009).  
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If the frontal ageing hypothesis provides a better causal model, the ERP 

inhibition effect would be reduced for Stroop, becoming more similar to the NP. On the 

other hand, the dedifferentiation theory would suggest that the ERP inhibition effect of 

NP would increase so that the ERP inhibition effect of the two tasks would be similarly 

pronounced. The current findings lend preliminary support to the frontal lobe 

hypothesis as the additional neural processing quantified by the ERP inhibition effect 

was more similar between the tasks for older adults, such that the peak of the Stroop 

was reduced in magnitude suggesting a lack of additional executive resources available.  

While the direction of the change in processing across the age groups seems to 

be apparent for the inhibition effect, the direction of the change is less clear for the 

fundamental processing of the tasks themselves, as represented by the neutral and 

incongruent trials. The absence of main or interaction Task effects on the ERPs of NP 

and Stroop supports the notion that both middle and older adults rely on common 

cognitive resources for automatic and controlled levels of processing. The current study 

cannot reflect on whether this is indicative of increased reliance on controlled 

processing, or a deficit in controlled processing as there is no way of determining which 

is unchanged. One way of addressing this issue would be to compare the older adults to 

the young adults in order to compare within task across the age groups. That is, if the 

automatic, or NP, is most similar to young adults then it would seem that the controlled 

processing is becoming more closely aligned with automatic processing. On the other 

hand, if controlled processing is most similar to young adults then it would seem that 

the automatic processing is becoming more like that of controlled.  

In summary, the findings of Study 1 and 2 suggest that young and middle aged 

adults display additional neural activity for controlled compared to automatic inhibitory 

control, where the distinction between automatic and controlled cognitive control is not 



AGEING, INHIBITION and ERPs 127 

 

differentiable in older adults. Further, the fundamental processing of the NP and Stroop 

tasks, as indicated by the ERPs of the neutral trials, suggests that the processing of the 

two is differentiable in young adults but not for both middle and older adults. Age-

related differences cannot be ascertained from these within-group studies, and therefore 

the application to theory is restricted. For example, if older adults are processing 

controlled and automatic inhibition using the same degree of neural activation then the 

question still remains: is the controlled task being processed more like an automatic task 

with reduced resources, or is the automatic task being processed more similar to a 

controlled task requiring greater neural resources to maintain performance in the 

relatively simple automatic task? Study 3 uses a within and between groups mixed 

approach to directly compare the ageing process for neutral and incongruent trials as 

well as the inhibition effect using RT and ERP data. 
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Chapter 6: Study 3 – Age-Related Differences in Processing of an Automatic and 

Controlled Cognitive Inhibition Task 

A limitation of research investigating age-related changes to cognitive inhibition 

is that the majority of studies compare age groups on only one type of inhibition task. 

This restricts consideration of potentially differential ageing effects on different types of 

inhibition. Those studies that have used multiple tasks in the one study have supported 

the controlled and automatic distinction, such that automatic inhibition is preserved and 

controlled inhibition is impaired (Collette et al., 2009). However, those studies using 

multiple tasks have been limited to behavioural data. Research comparing the neural 

activity associated with automatic and controlled cognitive inhibition would provide 

additional evidence to inform theories of cognitive ageing in general and age-related 

changes in cognitive inhibition in particular (see Section 3.4).  

The findings from Study 1 suggest that the neural activity associated with 

neutral trials of the NP and Stroop tasks in Young adults demonstrate differing degrees 

of neural activation as revealed by ERP amplitude. Further, the additional activity 

associated with the inhibition effect is greater in magnitude for Stroop than NP. The 

results of Study 2 suggest that processing of the neutral trials is not differentiable for the 

two cognitive inhibition tasks for Middle aged and Older adults. That is, the two tasks 

are processed with a similar degree of neural activity in the older age groups. Age-

related changes to the additional neural activity associated with the inhibition effect 

seem to be a progressive change, such that middle aged adults showed less of a 

distinction between NP and Stroop than young adults, while there was no distinction 

between the tasks for older adults. However, without directly comparing the groups it is 

not possible to determine if the age-related change in neural activity represents a greater 

reliance on controlled processing, or a tendency toward automatic processing in older 
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adults. The current study was designed to investigate the nature of these age-related 

changes. Because the older adults process the two tasks in a similar manner (Study 2), if 

the age differences are greater on the processing of the automatic task and are less 

different on the controlled task, then it might suggest that older adults are using 

controlled processing to complete an automatic task. On the other hand, if the age 

differences are greater on the controlled task than on the automatic task then it suggests 

that controlled processing is impaired in older adults and the two tasks are processed in 

an automatic manner. 

Due to the fine temporal resolution of ERP data, age-related differences can be 

compared at early, middle and late stages of cognitive inhibition processing. It may be 

that compensatory mechanisms result in increased neural activity at one stage at the 

expense of activity at another. In general, some evidence suggests that older adults 

demonstrate greater N1 amplitude compared to young adults (Wild-Wall et al., 2008), 

suggesting increased processing of the target in the presence of distractors, while the 

middle latency processing of the P3, which reflects response selection and the conflict 

of inhibition, is often shown to be reduced in amplitude in older adults (Mager et al., 

2007; Tays et al., 2008). While the FP600 is not generally discussed in the cognitive 

inhibition literature, increased frontal enhancement has been positively correlated with 

the magnitude of the directed forgetting effect, with greater activity associated with 

better forgetting, supporting a inhibitory account of the activity (Hauswald et al., 2011). 

There are no previous studies comparing young to older adults on the FP600 to direct 

hypotheses of the current study, however, it may be that older adults show increased 

FP600 magnitude due to greater emphasis on evaluative processes (Cunningham et al., 

2005), perhaps reflective of an emphasis on accuracy over speed. On the other hand, if 

the frontal lobe hypothesis is a better predictor, it might be that Middle aged and Older 
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adults show a reduced frontal activity as represented in the FP600, compared to Young 

adults. Age-related differences of the ERP peaks found in previous research have been 

associated with possible age-related differences in strategy. For example, an increased 

N1 seen in older adults may reflect increased processing of target information (Wild-

Wall et al., 2008). However these studies have been limited to a single task. It is 

possible that age-related differences in strategy and the associated processing may not 

be the same for a controlled and an automatic task (see Section 3.4).  

In summary, the aim of the current study was to identify age-related differences 

in the performance and processing of an automatic (NP) and a controlled (Stroop) 

cognitive inhibition task. Using behavioural data, it was expected that older adults 

would show impaired controlled inhibition in the Stroop but preserved performance on 

the NP task. The ERP data was directly compared between the age groups on the mean 

amplitude of the N1, P3 and FP600 for NP and Stroop on neutral and incongruent trials. 

Previous research has found that the N1 is increased in older adults while the P3 is 

reduced, however, it is not clear if these age-related differences would hold for NP or 

Stroop, or both.  

Method 

Participants. This study uses the data that was collected for young adults (n=38, 

age range 17-33 yrs, M = 21.26, SD = 3.82) in Study 1 and the middle (n=23, age range 

55-70 yrs, M = 63.57, SD = 5.05) and older adults (n=23, age range 71-84 yrs, M = 

74.43, SD = 3.81) in Study 2.  

Materials. In addition to the EEG recording of the two cognitive inhibition 

tasks, general intelligence was screened to test for inherent differences between the 

groups. Demographic details of the three groups are also presented in Table 8. There 

were no differences between the groups in gender ratio (X2(2) = 1.12 p = .570) or 
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estimated general intelligence (F(3,81) = 2.158, p = .125, η2
p= .069), and the middle and 

older groups did not differ on the screen for dementia (t(44) = 1.42, p = .164, d = .418).  

Table 8 

Demographic Data of Young, Middle and Older Adults 

Group Age mean (sd) TICS-m IQ Female:Male 

Young Adults 21.26 (3.82) n/a 111.71 (10.55) 23:15 

Middle aged 

adults 63.57 (5.05) 39.13 (2.30) 115.64 (13.52) 11:12 

Older Adults 74.43 (3.81) 36.83 (2.57) 118.81 (10.87) 14:9 

 

EEG Equipment. The EEG equipment was as described for Study 1. 

Analysis. To examine age-related differences in performance and processing on 

the controlled and automatic inhibition tasks, RT, error rate and ERP mean amplitudes 

were compared between the groups using a series of 3 (Age group: Young vs. Middle 

vs. Older) x 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) mixed 

model ANOVAs. As was reported in Study 1 and 2, the ERP mean amplitudes were 

compared for N1 (140-180ms), P3 (250-350ms) and FP600 (400-600ms). Age-related 

differences were also compared using the difference waveform [incongruent – neutral]. 

Because the Young adults had a peak at 250-350ms (Study 1) and Middle aged adults 

had a peak at 350-450ms post-stimulus (Study 2), the age groups were compared for 

both this early and later time period. Significant effects that involved the factor of Age 

Group were pursued with post-hoc analyses. Those main and interaction effects that 

were not related to age-related differences, and therefore not relevant to the hypotheses 

of this study, were not reported. 

Procedure. The procedure was as described for Study 1.  
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Results 

Neutral and incongruent trials. The age groups were compared on the neutral 

and incongruent trials of the NP and Stroop tasks to determine age-related differences 

associated with the fundamental processing of the tasks themselves.   

Behavioural data. A 3 (Age: Young vs. Middle vs. Older) x 2 (Task: NP vs. 

Stroop) x 2 (Condition: Neutral vs. Incongruent) mixed model ANOVA found a main 

effect of Age Group for RT (F(2, 81) = 20.21, p< .001, ɳ2
p =.333) and error rate (F(2, 

81) = 5.52, p = .006, ɳ2
p =.120). Follow-up t-tests found that young adults were faster 

than both middle aged adults (p = .001) and older adults (p< .001) (see Table 9). Young 

adults made more errors than middle aged adults (p = .004) but did not differ from older 

adults (p = .248). Middle and older adults did not differ on either RT (p = .114) or error 

rate (p = .289).  

Table 9 

RT and Error Rate for Young, Middle and Older Adults 

 Task Young Middle Older 

Neutral RT NP  779.74 (158.10) 905.90 (147.83) 990.75 (164.48) 

Stroop 670.99 (133.80) 820.33 (149.60) 902.11 (152.52) 

Error 

Rate 

NP 4.79 (3.03) 2.52 (2.25) 4.52 (5.54) 

Stroop 3.74 (2.47) 2.30 (3.20) 2.13(2.58) 

Incongruent RT NP  793.30 (162.83) 914.16 (150.49) 1004.92 (170.18) 

Stroop  749.90 (163.33) 940.21 (217.92) 1024.45 (205.07) 

Error 

Rate 

NP  5.55 (3.92) 2.39 (2.31) 4.17 (4.79) 

Stroop  5.89 (4.24) 3.00 (3.54) 4.39 (3.46) 

 

ERP data. The age groups were compared separately for each of the ERP peaks 

to investigate age-related differences to early, mid and late stage neural activity. 
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Early N1 ERP component. Across the N1 time window of 140-180ms, there was 

an occipital negativity that seemed more negative for middle and older adults than for 

young adults for both conditions and both tasks (see Figure 34). A 3 (Age: Young vs. 

Middle vs. Older) x 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) x 

2 (Electrode: PO7 vs. PO8) mixed model ANOVA found a main effect of Age Group 

(F(2, 81) = 14.36, p < .001, ɳ2
p = .262). Post-hoc comparisons indicated that young 

adults were less negative than middle (t(59) = 4.06, p <.001, d = 1.09) and older adults 

(t(59) = 4.32, p <.001, d = 1.16) while the two older groups did not differ (t(59) = .25, p 

= .802, d = .08). There were no significant age-related interaction effects. 
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Figure 34. ERP N1 grand averages for Young (red line), Middle (blue line) and Older 

(green line) adults for NP and Stroop on neutral and incongruent trials. The shaded area 

represents 140-180ms post-stimulus.  
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Mid-latency P3 ERP component. From 250-350ms post stimulus, the time 

associated with the P3, there was bilateral activity at parietal locations that seemed to be 

greater for young adults than older (see Figure 35).  A 3 (Age: Young vs. Middle vs. 

Older) x 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) x 2 

(Electrode: P5 vs. P6) mixed model ANOVA found a main effect of Age Group (F(2, 

81) = 9.92, p < .001, ɳ2
p = .197). Post-hoc comparisons indicated that young adults 

(t(59) = 4.51, p <.001, d = 1.21) and middle aged adults (t(44) = 2.75, p =.009, d = .83) 

had greater positivity than older adults. Middle and young adults did not differ (t(59) = 

1.63, p =.108, d = .44). Further, there was a significant 2-way Task x Age Group 

interaction (F(2, 81) = 3.85, p = .025, ɳ2
p = .087). Follow-up independent samples t-

tests indicated that older adults had reduced positivity compared to both middle and 

young adults on both NP and Stroop, but middle aged adults were reduced compared to 

young adults on the NP task and not the Stroop (see Table 10 and Figure 36). 



AGEING, INHIBITION and ERPs 136 

 

  

  

  

  

Figure 35. ERP P3 grand averages for Young (red line), Middle (blue line) and Older 

(green line) adults for NP and Stroop on neutral and incongruent trials. The shaded area 

represents 250-350ms post-stimulus.  
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Table 10 

Pairwise Comparisons of P3 mean amplitude between Young, Middle and Older adults 

 NP Stroop 

Comparisons t df p d  t df p d 

Young v Middle 2.36 59 .022 .63  .691 59 .492 .19 

Young v Older 4.99 59 <.001 1.34  3.03 59 .004 .81 

Middle v Older 2.54 44 .015 .76  2.25 44 .030 .68 

 

 

Figure 36. Mean amplitudes for Young, Middle and Older adults on NP and Stroop P3. 

Error bars are SEM. 

Late FP600 ERP component. Across the FP600 time frame of 400-600ms there 

was a frontal positivity that seemed more dominant in the right hemisphere (Figure 37). 

A 3 (Age: Young vs. Middle vs. Older) x 2 (Task: NP vs. Stroop) x 2 (Condition: 

Neutral vs. Incongruent) x 2 (Electrode: AF7 vs. AF8) mixed model ANOVA found 

there was no main effect of Age Group (F(2, 81) = .727, p = .486, ɳ2
p = .018). The main 

effects of both Task (F(2, 81) = 5.05, p = .027, ɳ2
p = .059) and Electrode (F(2, 81) = 

42.61, p< .001, ɳ2
p = .345) were significant but not explored for this study. There was a 

0

0.5

1

1.5

2

2.5

3

3.5

NP Stroop

M
e

a
n

 A
m

p
li

tu
d

e
 (

µ
v

)

Young

Middle

Older



AGEING, INHIBITION and ERPs 138 

 

significant 2-way Electrode x Age Group interaction (F(2, 81) = 6.09, p = .003, ɳ2
p = 

.131). Follow-up independent samples t-tests indicated that middle and older adults 

have greater negativity on the left than young adults (see Table 11). Further, middle 

aged adults have greater positivity on the right than young adults although this effect is 

weaker than that seen on the left, and older and young adults do not differ. Middle and 

Older adults do not differ on either electrode. 
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Figure 37. ERP FP600 grand averages for young (red line), middle (blue line) and older 

(green line) adults for NP and Stroop on neutral and incongruent trials. The shaded area 

represents 400-600ms post-stimulus. 
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Table 11 

Pairwise Comparisons of FP600 between Young, Middle and Older adults 

 AF7 AF8 

Comparisons 
t df p d  t df p d 

Young v Middle 3.63 59 .001 .97  -2.13 31.5 .041 .65 

Young v Older 3.74 59 <.001 1.01  -1.40 59 .168 .37 

Middle v Older -.48 44 .633 .14  .87 44 .390 .26 

 

To further explore this hemispheric lateralisation, the degree of lateralisation 

was calculated [AF8 – AF7] and compared between groups (see Figure 38). A oneway 

ANOVA found that there was an Age effect (F(2, 81) = 6.91, p = .002, ɳ2
p = .146) and 

Tukey’s post-hoc comparisons indicated that young adults were less lateralised than 

both middle aged adults (p = .002), and older adults (p = .049). The two older age 

groups did not differ in degree of lateralisation (p = .595). 
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Figure 38. Bar graphs depicting the lateralisation of amplitude between AF7 and AF8 

during the FP600 of Young, Middle and Older adults. More positive indicates greater 

right hemisphere positivitiy and left hemisphere negativity. Error bars are SEM. 

Behavioural data: Inhibition effect. To compare the age-groups on the 

magnitude of the inhibition effect for automatic and controlled cognitive inhibition, the 

difference score data [incongruent – neutral] for both RT and error rate of NP and 

Stroop were compared for the three age groups (see Table 12). A 3 (Age: Young vs. 

Middle vs. Older) x 2 (Task: NP vs. Stroop) mixed model ANOVA found that the main 

effect of Age Group was not significant for either RT (F(2, 81) = 2.69, p = .074, ɳ2
p 

=.062) or error rate (F(2, 81) = 1.94, p = .150, ɳ2
p =.046). There was a significant main 

effect of Task for both RT (F(2, 81) = 109.34, p < .001, ɳ2
p =.574) and error rate (F(2, 

81) = 13.70, p < .001, ɳ2
p =.145) that were not explored as part of this study. There was 

a significant 2-way Task x Age Group interaction for RT (F(2, 81) = 3.16, p = .048, ɳ2
p 

=.072). One way ANOVAs for RT of NP and Stroop indicated that the RT inhibition 

effect of NP was not different between the age groups (F(2, 81) = .21, p = .811, ɳ2
p = 
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.005) whereas the RT inhibition of the Stroop was (F(2, 81) = 3.57, p = .033, ɳ2
p = 

.081). Follow-up independent t-tests found that young had a smaller RT cost on the 

Stroop task than both middle (t(59) = -2.18, p = .033, d = .585) and older (t(59) = -2.58, 

p = .012, d = .694) adults. Middle and older adults did not differ (t(44) = -.10, p = .921, 

d = .030). 

Table 12 

Reaction Time and Error Rate Inhibition Effect for Young, Middle and Older Adults 

 Task Young Middle Older 

RT NP  23.23 (32.96) 8.26(36.46) 14.17 (31.72) 

Stroop 75.51 (53.73) 119.88(91.09) 122.34(74.76) 

Error Rate NP 0.78 (3.46) -0.13 (1.74) -0.35(2.29) 

Stroop 1.04 (3.55) 0.69 (2.89) 2.26(2.56) 

 

ERP data: Inhibition effect. Grand average difference waveforms at Cz, CPz 

and Pz are presented in Figure 39. The age groups were compared for the two time 

frames (250-350ms and 350-450ms post-stimulus) because of the results from Study 1 

and Study 2 where Young adults had a peak during the early time frame and Middle 

aged adults had a peak during the later time frame.    
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Figure 39. ERP Inhibition Effect of NP (left) and Stroop (right) at Cz (top), CPz 

(middle) and Pz (bottom). The shaded areas represent 250-350ms post-stimulus (blue) 

and 350-450ms post-stimulus (red). 

Mean amplitude was compared between the groups from 250-350ms and 350-

450ms post stimulus separately (see Figure 40). A 3 (Age: Young vs. Middle vs. Older) 

x 2 (Task: NP vs. Stroop) x 3 (Electrode: Cz vs. CPz vs. Pz) x 2 (Time: 250-350ms vs. 

350-450ms) mixed model ANOVA did not find a significant main effect of Age Group 

(F(2, 81) = .66, p = .518, ɳ2
p =.016). There was a significant Time x Age group 2-way 

interaction (F(2, 81) = 18.35, p < .001, ɳ2
p =.312) as well as a significant Time x Task x 

Age Group 3-way interaction (F(2, 81) = 6.96, p = .002, ɳ2
p =.147) (see Figure 40). 
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Follow-up independent samples t-tests indicated that Young adults had greater 

amplitude than Older adults for Stroop inhibition from 250-350ms (t(59) = -3.21, p = 

.002, d = .856). There was a later group difference approaching significance such that 

middle aged adults had greater amplitude for Stroop from 350-450ms compared to both 

young adults (t(59) = -1.83, p = .073, d = .472), and older adults (t(59) = 1.91, p = .063, 

d = .555) that did not reach significance (see Figure 40). There was no age-related 

difference for the NP task during either time frame. 

 

 

Figure 40. Average amplitude across centro-parietal sites (Cz, CPz, Pz) for Young, 

Middle and Older adults during early and late inhibition on Stroop and NP. Error Bars 

are SEM. 

Discussion 

This study was designed to compare and contrast performance and processing of 

a controlled and an automatic inhibition task across three age groups. The behavioural 

hypothesis was supported such that the RT inhibition effect was greater for middle and 

older adults than young adults on the controlled Stroop task but there was no age 

difference on the automatic NP task. These findings replicate previous work suggesting 
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that older adults demonstrate impaired controlled inhibition but preserved automatic 

inhibition within a sample population. Further, having the three age groups allowed 

consideration of how this change progresses across age groups. In this sample, the 

middle and older adults were not different to each other but both were impaired 

compared to young adults.  

Cognitive processes fundamental to the tasks themselves were investigated by 

comparing age groups on the neutral and incongruent trials. In the current study, both 

middle and older adults had a greater N1 compared to younger adults, consistent with 

previous research (Mead et al., 2002; Vallesi et al., 2009; Wild-Wall et al., 2008). Wild-

Wall et al. (2008) suggest that the increased N1 reflects increased intentional, top-down 

visual attention to process the target information. As in the current study, Wild-Wall 

and colleagues (2008) found that the older adults had a larger N1 as well as significantly 

fewer errors than the young adults. Although non-significant, Middle and Older adults 

had a reduced RT cost associated with NP compared to Young adults. Traditionally this 

is associated with poorer inhibition as the active inhibition of the preceding flankers is 

not impeding the response to the target stimulus. However, if older adults are devoting 

increased attention and processing the target information more than the flanker 

information, this would explain not only the reduced errors, but also the reduced NP 

interference effect. Further, the flanker design of the NP task may lend itself to being 

particularly affected by increased target visual processing reflected by the N1, as 

opposed to the design of the Stroop task. In the current sample, the N1 of the Stroop 

was similarly increased in Middle aged and Older adults, however the RT performance 

cost was greater than that of the Young adults. It might be that the increased N1 was not 

as effective in improving task performance for the Stroop as it was for the NP task.  
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During the middle stage processing of the P3, which is associated with response 

selection and conflict pertinent to cognitive inhibition, the age-related differences 

differed between the automatic and controlled task. In particular, there was a 

progressive decrease in P3 amplitude was evident across the age groups on the 

automatic task. In contrast, middle and young adults were not different during the 

controlled task. As seen in Study 1, young adults had a reduced P3 during Stroop 

compared to NP, and in Study 2 middle aged adults did not differ between NP and 

Stroop. As such, the current findings suggest that middle aged adults are using a more 

controlled-like processing in order to complete the automatic task. This is in support of 

the dedifferentiation theory and in particular that it is automatic tasks that become more 

dependent on controlled processing. As a reduced P3 is associated with more complex 

processing, the differences on the automatic task were in the direction that would be 

expected when the processing is involving more controlled processing (Figure 35). 

Importantly, the peak of the P3 was the only time frame to demonstrate a differential 

age difference on the NP and Stroop tasks.  

The late frontal processing that is reflected by the FP600 was different between 

the age groups with the Middle aged and Older adults being more lateralised with 

greater left hemisphere negativity and right hemisphere positivity than Young adults 

(Figure 37). Hauswald et al. (2011) found that the neutral cues in particular were 

lateralised such that there was an increase in the right DLPFC, similar to the topography 

seen in the current study (Figure 37 and Figure 38). If the FP600 reflects evaluation and 

resolution processes (Cunningham et al., 2005) and an increase in amplitude is 

associated with better inhibitory performance (Hauswald et al., 2011), then perhaps the 

age-related difference in activity reflects increased top-down attentional processes and a 
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speed-accuracy trade off where older adults favour accuracy. Clarifying the relationship 

between the ERP amplitude and performance outcomes is the aim of Study 6. 

Age-related differences across the ERP peaks differed with respect to the use of 

three age groups. ERP amplitudes of Middle aged adults did not differ from Older 

adults for the N1 suggesting an age-related shift in focused visual attention that is step-

like that occurs relatively early in life. For the P3, amplitudes of Middle aged adults 

were between those of the Young and Older adults, suggesting a gradual progression of 

age-related changes to the response selection stage of task processing. ERP amplitudes 

of Middle and Older adults for the FP600 were higher than Young suggesting again an 

early step-like change in the focused evaluation stage of the processing. That is the 

middle processing stage was progressive across age groups while the early and late 

processes were a step-like change that occurs relatively early in older adulthood. The 

age-related changes for all three components were not in the direction as would be 

expected according to the Frontal Lobe Hypothesis. That is the ERP waveforms did not 

show a reduced frontal activity as would be predicted by impaired frontal lobes. In 

particular, the late stage evaluative FP600 was more lateralised for both NP and Stroop 

(see Figure 38). In combination with the greater N1 for Middle and Older adults on both 

tasks compared to the Young adults, it may be that older adults are using more 

intentional, top-down, controlled-like processing in order to process an automatic task, 

supporting the dedifferentiation theory and in particular an increase reliance on 

controlled processing for the performance of automatic tasks (see Section 3.2.3).  

Using the difference waveform to isolate the neural activity that is associated 

with the need to inhibit, allows comparisons between the groups to be specific to 

cognitive inhibition, free of the underlying task requirements. The current data suggests 

that there were age-related differences during the controlled Stroop task, but not the 
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automatic NP task. During the early time frame, Young adults had significantly greater 

activity than both Middle aged and Older adults for the controlled inhibition effect (see 

Figure 40). On the other hand, the automatic inhibition effect was not different between 

the age groups during either the early or late time frame. Comparing across previous 

studies (viz. Mager et al., 2007; Tays et al., 2008), it was seen that middle aged adults 

showed increased neural activity compared to young adults with a greater N450, while 

the older adults had no detectable ERP peak. If changes in neural processing are not 

linear, then perhaps the recruitment of activity increases in middle age before 

decreasing in older years. One of the difficulties of such a comparison is that it is across 

studies. However, this pattern was also seen in the current study directly comparing 

three age groups (see Figure 40). Although not statistically significant, Middle aged 

adults had increased activity compared to young adults in a later time window (350-

450ms) during the Stroop task, while older adults remained reduced compared to both 

middle and young adults across both time windows. This suggests that perhaps there is 

an increase in resources required for Middle aged adults to successfully override the 

prepotent reading response. As the RT cost of the Stroop inhibition effect was also the 

greatest for older adults, it could be that this additional activity was simply not available 

to older adults. That is, the reduced activity along with the increased interference RT 

might suggest that they have a reduced cognitive reserve available compared to the 

Young adults. These findings may support the Frontal Lobe hypothesis, as the 

additional processing required to successfully inhibit is no longer available.  

It is interesting to note that ERP studies that report older adults as having 

reduced amplitude compared to younger adults are commonly investigating mid-latency 

peaks such as P3a, P3b and N450 (Mager et al., 2007; Rossini et al., 2007; Tays et al., 

2008). It is important to note that in the current study older adults were only reduced in 



AGEING, INHIBITION and ERPs 149 

 

amplitude compared to young adults in the mid-processing latency of the P3. During 

both earlier (N1) and later (FP600) processing, the middle and older adults were greater 

in amplitude than young adults. This suggests that the often-described ‘reduced neural 

activity’ is not a complete picture of the changes associated with healthy ageing. One 

possible explanation is that there is a diversion of resources, such that older adults 

increase the early intentional processing of the target information and also the later 

evaluation processing of responses, but reduce the mid-latency processing. 

Alternatively, the reduced activity in the P3 time frame (250-350ms) may be a result of 

the averaging technique of ERP analysis. Where there is inter-trial and/or inter-

individual variability in amplitude, the averaging technique will produce a longer, lower 

waveform, as is seen in older adults for the P3. A third possibility is that while there 

may be a reduction in the activity at a particular location in the chosen time frame, there 

may be an increase in activity at an alternative location that is not detectable at the 

chosen electrode sites. When comparing age groups on a small selection of electrodes, it 

is not possible to capture this difference in neural source activity. Source analysis is a 

technique that uses all EEG channels at each point in time to estimate the source 

location of neural activity. Such a technique would allow the comparison of age groups 

in neural activity across the entire scalp distribution, rather than being limited to 

comparison at two of 64 channels. Study 4 uses distributed source analysis to compare 

the groups on source activity during the early (250-350ms) and late (350-450ms) 

inhibition peaks.   
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Chapter 7: Study 4 – Source Analysis (CLARA) 

Understanding the changes to underlying neural mechanisms of cognitive 

inhibition is a critical aspect of explaining the changes in cognitive performance 

associated with healthy ageing. As seen in Study 3, older adults demonstrate reduced 

amplitude on the grand average waveform of the P3 and similarly on the difference 

waveform over a similar time frame. There are a number of possible reasons for this. It 

could be that older adults simply do not have the cognitive reserve and show less 

activity on that account. However, this thesis is also interested in exploring a number of 

alternative explanations that cover technical, cognitive and neurological possibilities. 

First, a reduced P3 may be a result of a change in locus of activity. That is, traditional 

ERP analysis compares the amplitude within a particular time frame, at a particular 

electrode site. If older adults are generating their activity in a slightly different position 

within the cortex, the trajectory of that electrical activity would differ and may therefore 

be less detectable at the electrode location being compared (Luck, 2005). Second, a 

reduced amplitude might be a result of the waveform processing technique of the 

traditional ERP analysis approach. For example, if older adults are more variable 

between trials or individuals in the group are more variable and as such there is more 

jitter at each time point of the grand average ERP, the averaging process would result in 

a flattened ERP waveform (Luck, 2005). Third, it could be that older adults have 

developed different approaches to completing a task, such that they devote greater 

neural activity to the early target detection processing and also to the later evaluation 

processing and less to the mid-latency decision making processing. Study 4, 5, and 6 are 

designed to consider these explanations respectively.  

EEG source analysis is an offline analysis technique that estimates the likely 

neural source generators associated with a given scalp EEG recorded topography. One 
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advantage of this technique is that it is an integration of the information from all 

electrodes at any point in time. That is, a group or condition difference in the location of 

neural activity would result in reduced amplitude when looking at only one electrode 

site or cluster. That is, where ERP analysis would reflect this as a shift in amplitude at a 

single site, EEG source analysis will reflect this more accurately as a shift in location. 

There are two broad categories of source analysis techniques; distributed source 

analysis and discrete source analysis, each offering their own distinct set of advantages 

and disadvantages (see Section 2.7 for more details including the nature of the inverse 

problem).  

Low resolution electromagnetic tomography (LORETA)(Pascual-Marqui et al., 

1994) is arguably the most commonly used distributed source analysis algorithm. It has 

been found to be reliable but lacks spatial resolution, often producing a wide area for the 

spatial solution (Michel et al., 2004). On the other hand, discrete source analysis 

approaches provide greater spatial resolution but require a priori assumptions on the 

location of neural activity to be made and as such loses the flexibility of the data to 

determine the solution (Michel et al., 2004). To combine the advantages of both discrete 

and distributed source analysis, iterative approaches to distributed algorithms such as 

LORETA have been developed. Classical LORETA Analysis Recursively Applied, or 

CLARA, is an iterative application of the LORETA algorithm (see Section 2.7.1 for 

details). The advantage of this algorithm is that the results are more refined that those 

seen in LORETA while not being constrained as is the case in discrete source analysis. 

Source analysis techniques can be applied to any section of EEG data. In this 

case, source analysis is being used to consider a reduction in ERP amplitude that was 

seen in Older adults compared to Young adults in Study 3. There was a reduced 

amplitude for Older adults on both the P3 of the neutral and incongruent trials, as well 
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as in the difference waveform over the same time interval. Where the difference 

waveform represents the additional activity required for successful inhibition, over and 

above the fundamental aspects of the task, source estimates of the difference waveform 

would reflect the estimated neural sources of the unique activity required for cognitive 

inhibition. On the other hand, source analysis of the P3 would reflect the source of 

activity required for vigilance and fundamental cognitive aspects of the tasks. As such, 

source analysis will be conducted on the difference waveform. This technique will be 

applied to both NP and Stroop over the two time frames outlined in Study 3, namely 

250-350ms and 350-450ms. This is to allow consideration of the source of activity for 

both automatic and controlled inhibition effect during the early and late stages identified 

in Study 3. If the older adults demonstrate source activity in neural locations different to 

young adults, this may offer an alternative explanation to the apparent reduction in 

activity at 250-350ms at the centro-parietal electrode sites.  

Neural activity associated with cognitive inhibition often includes areas of the 

prefrontal cortex (PFC), and in particular the anterior cingulate cortex (ACC) (see 

Section 2.3 for more details). Importantly, it has previously been shown that older 

adults do not demonstrate reduced neural recruitment, but that they have additional 

activity in the prefrontal cortex (Galdo-Alvarez, Lindín, & Díaz, 2009; Hong, Sun, 

Bengson, & Tong, 2014). fMRI research also suggests that with similar levels of 

performance, older adults have an increase in activity, again in the prefrontal areas 

(Langenecker et al., 2004; Zysset et al., 2007). If the decrease in ERP amplitude at the 

parietal electrodes in the current study is associated with additional activity elsewhere, 

this will be identified with source analysis. For example, in a clinical study Katz et al. 

(2010) found that while the source activity for healthy older adults was located in the 

ACC, those with clinical depression showed greater activity in the medial frontal gyrus 
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(MFG). The authors proposed that this shift in neural activity explained the absence of 

N2 ERP peak in the depressed older adults.  

Given that the PFC, and ACC in particular, is often associated with cognitive 

inhibition, it was expected that the estimated activity would include locations in the 

PFC in general and in the ACC in particular for all age groups. Considering previous 

imaging research, it was expected that the neural source activity of middle and older 

adults would be greater than that of the young adults, despite the smaller ERP amplitude 

in the 250-350ms time frame and that this additional activity would likely be in frontal 

regions of the prefrontal cortex.  

Method 

Participants. This study used the same data that was collected for Study 3. In 

neuroimaging analysis, it is recommended to have equal group sizes or more in the 

older adults than young adult groups (Samanez-Larkin & D’Esposito, 2008). For this 

purpose, one approach would have been to collapse the middle and older adults to create 

a larger ‘older’ adults group (n=46). However, the change in activity across the three 

age groups was still of interest. As such, a sub-selection of the Young adults was taken 

to create a group of young adults equal in size to the Middle aged and Older adults 

groups. This was done so that that the gender balance was similar to that of the two 

older groups. Participants were also selected to include those who had been tested 

across the data collection phase so that there was not a bias to potential changes in 

technique from early data collection to late data collection. Further, selection was also 

screened to ensure that the young adults had a comparable number of participants with a 

high (>95%) and moderate (85-95%) proportion of accepted trials during the individual 

ERP averaging stage, as compared to the two older age groups. This was done so that 

the subset of young adults were those that had a similar number of trials used for 
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averaging compared to the middle and older adult group. The two older groups are the 

same as described in Study 2. The final sample set for this study included 23 

participants in each age group (see Table 13). There were no differences between the 

groups in estimated general intelligence (IQ) (F(2,45) = 1.62, p = .210) or gender 

distribution (2(2) = 1.05, p = .593). 

Table 13  

Demographic information of the young, middle and older adults  

Group 
Age mean (SD) 

Range 
IQ Female:Male 

Young Adults 
21.00 (3.52)  

17-33 
111.83 (9.80) 11:12 

Middle aged adults 
63.57 (5.05)  

55-69 
115.64 (13.52) 11:12 

Older Adults 
74.43 (3.81)  

70-84 
118.81 (10.87) 14:9 

 

Materials, Equipment and Procedure. The EEG recording of the two 

cognitive inhibition tasks was as described in Study 1.  

Analysis. Distributed source analysis was conducted on the early (250-350ms) 

and late (350-450ms) time windows of the cognitive inhibition difference wave as 

highlighted in Study 3. Distributed sources were calculated using Classical LORETA 

Analysis Recursively Applied, or CLARA, to estimate the three-dimensional source 

activities with a grid resolution of 7mm and a voxel volume of 0.343 cm3 (BESA 

software, version 5.3.6, GmbH, Gräfelfing, Germany). CLARA is an iterative 

application of weighted LORETA images. For this process, a regularised LORETA 

image is initially computed. That image is then spatially smoothed and all points with 

amplitudes below 1% of the maximum activity are set to zero, thus being eliminated 

from the following step. The resulting image defines a spatial weighting term for each 

voxel. A second LORETA image is then computed with this additional spatial 

weighting term for each voxel applied. This iterative process can be set to repeat for any 
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number of cycles. For this study, preliminary examinations determined that two cycles 

reached a reasonable spatial acuity for the purposes of the current research question. 

The two time windows identified in Study 3 (i.e., 250-350 and 350-450ms) were 

further separated in half to result in four time windows. This was to allow for a more 

detailed investigation of age differences across shorter time frames. As such, a 

distributed source solution was calculated for both NP and Stroop for four time 

windows; 250-300ms, 300-350ms, 350-400ms, 400-450ms. At the group level, BESA 

software provides the Talairach coordinates for the peak of the top source activities as 

well as the strength of activity (nAm/cm3) for each source. Because these data are group 

level and individual data are not available for source strength at the peak location, it is 

not possible to make quantitative comparisons. For this reason there are no error bars, 

nor statistical effects to report on for group comparisons of strength of top source 

activity. However, to consider the possibility that the reduced ERP amplitude seen in 

older adults compared to young adults is a result of reduced neural source activity, the 

top three sources are presented by location and strength of activity. While these are not 

statistically comparable, the qualitative comparison between groups can be made to 

consider where the strength of source activity seen in older adults is either larger or 

smaller than that seen in the young adults. That is, if a reduced ERP amplitude of a 

particular peak is explained by a reduction in overall neural activity, then the qualitative 

data will show a smaller strength of the top source activity. On the other hand, if a 

reduced ERP amplitude cannot be explained by reduced overall neural activity then the 

qualitative data will show a top source activity of equal or greater strength. 

Results 

NP Early Cognitive Inhibition (250-300ms). The top three sources of the 

Inhibition Effect difference waveform 250-300ms post stimulus are presented for 
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Young, Middle age and Older adults in Figure 41 and Table 14. The primary source of 

activity for Young adults was in the cerebellum, while this location was the second and 

third source for Middle aged and Older adults respectively. Another prominent source 

area was the ACC or MFG. This was the top source location for Middle aged adults, 

second for Older and Young adults. The temporal lobe, or more specifically superior 

temporal gyrus, was the top source activity for Older adults while the nearby structure 

of the hippocampus was third for Middle aged adults. 

Table 14 

Talairach coordinates of peak activity at top three sources for Young, Middle aged and 

Older adults 250-300ms: NP  

Maxima x y z  Name nAm/cm3 

Young 1 -24.5 -58.7 -39.1  Posterior Lobe: Cerebellar Tonsil 1.95 

2 -10.5 39.1 8.6  Frontal Lobe: Anterior Cingulate (ACC, BA 32) 0.41 

3 -10.5 -65.7 29.7  Occipital Lobe: Precuneus 0.33 

Middle 1 3.5 53.2 2.3  Frontal Lobe: Medial Frontal Gyrus (BA10) 1.01 

2 -10.5 -58.7 -32.9  Posterior Lobe: Cerebellar Tonsil 0.62 

3 -31.5 -10.2 -11.7  Limbic Lobe: Parahippocampal Gyrus. 

Hippocampus 

0.31 

Older 1 -38.5 -3.1 -18.8  Temporal Lobe: Superior Temporal Gyrus  

(BA 38) 

0.91 

2 -17.5 39.1 16.4  Frontal Lobe: Medial Frontal Gyrus (BA 9) 0.35 

3 24.5 -58.7 -39.1  Posterior Lobe: Cerebellar Tonsil 0.34 
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Figure 41. Top three sources for Young, Middle aged and Older adults of NP Inhibition Effect 250-300ms 
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Figure 42 illustrates the strength of the top three sources for each age group. At 

this early stage of processing the automatic inhibition effect, the strength of Young 

adults’ primary source activity was substantially greater (almost double) than both 

Middle aged and Older adults. Further, for the Young adults, the strength of the primary 

source of activity was substantially greater than the second and third sources of activity. 

The strengths of the three sources were less disparate in the Middle aged and Older 

adults.  

 

Figure 42. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of NP inhibition effect 250-300ms.   

NP Early Cognitive Inhibition (300-350ms). The top three sources of the NP 

Inhibition Effect during 300-350ms post stimulus are presented in Figure 43 and Table 

15. Similar to the previous time window, the primary source of activity for Young 

adults was in the cerebellum. ACC was the primary source for Middle aged adults. 

There was a bilateral temporal lobe activity that was the primary and third source for 

Older adults. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Young Middle Older

n
A

m
/

cm
3

Source 1

Source 2

Source 3



AGEING, INHIBITION and ERPs 159 

 

 Source 1 Source 2 Source 3 

Young 

   

Middle 

   

Older 

   

Figure 43. Top three sources for Young, Middle aged and Older adults of NP Inhibition Effect 300-350ms
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Table 15 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 300-350ms: NP 

 Maxima x y z Name nAm/cm3 

Young 1 -24.5 -58.7 -38.3 Posterior Lobe: Cerebellar Tonsil 1.84 

2 31.5 4.7 -11.7 Temporal Lobe: Inferior Frontal 

Gyrus (BA 13) 

0.45 

3 -10.5 -65.7 29.7 Occipital Lobe: Precuneus (BA 31) 0.42 

Middle 1 3.5 46.2 2.3 Limbic Lobe: Anterior Cingulate 

(ACC, BA 32) 

0.88 

2 -24.5 -51.6 -32.9 Posterior Lobe: Cerebelar Tonsil 0.59 

3 -38.5 -3.1 -18.0 Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.43 

Older 1 -38.5 3.9 -19.6 Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.46 

2 3.5 54.0 10.2 Frontal Lobe: Medial Frontal Gyrus 

(BA 10) 

0.40 

3 38.5 -10.2 -18.8 Temporal Lobe: Inferior Temporal 

Gyrus (BA 20) 

0.31 

 

During the 300-350ms post stimulus of the NP inhibition effect, the strength of 

the top source of the Young adults was more than double that of the Middle aged adults. 

Further, the strength of the top source was progressively less across the three age groups 

(see Figure 44).  Again, the strength of the primary source was substantially greater than 

the second and third sources for Young adults, where this was not the case for Middle 

aged and Older adults.  
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Figure 44. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of NP inhibition effect 300-350ms. 

NP Late Cognitive Inhibition (350-400ms). The top three sources of the NP 

inhibition effect 350-400ms post stimulus are seen in Figure 45 and Table 16. All three 

groups demonstrate source activity located in the left cerebellar tonsil with this location 

being the primary source of activity for both Young and Middle aged adults. Both 

Middle aged and Older adults show activity in the MFG/ACC region where the Young 

adults show activity in parietal and temporal lobes during this time for NP.   
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Figure 45. Top three sources for Young, Middle aged and Older adults of NP Inhibition Effect 350-400ms
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Table 16 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 350-400ms: NP 

 Maxima x y z Name nAm/cm3 

Young 1 -24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 1.04 

2 -3.5 -72.0 16.4 Occipital Lobe: Cuneus (BA 18) 0.23 

3 31.5 -30.5 -11.7 
Limbic Lobe: Parahippocampal 

Gyrus (BA 36) 

0.22 

Middle 1 -24.5 -58.7 -39.9 Posterior Lobe: Cerebellar Tonsil 0.94 

2 24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 0.51 

3 17.5 39.1 9.4 
Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.33 

Older 
1 -38.5 3.9 -18.8 

Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.57 

2 -31.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 0.37 

3 3.5 53.2 2.3 
Frontal Lobe: Medial Frontal Gyrus 

(BA 10) 

0.24 

 

In this time window, there was less difference between the age groups on the 

strength of the top source activity than was seen in the previous time frames (see Figure 

46). However, for Young adults the strength of the top activity was again substantially 

greater than their subsequent second and third sources. This differentiation was 

progressively less marked in the middle and older adults. 
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Figure 46. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of NP inhibition effect 350-400ms. 

NP Late Cognitive Inhibition (400-450ms). The top three sources of the NP 

difference waveform during 400-450ms post stimulus are shown in Figure 47 and Table 

17. Cerebellar activity was again the primary source of activity for Young and Middle 

aged adults. All three age groups demonstrate activity in the ACC/MFG with this being 

the primary and secondary activity for Older adults. Activity in the superior temporal 

gyrus was the secondary activity for Middle aged adults.  
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Table 17 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 400-450ms: NP 

 Maxima x y z Name nAm/cm3 

Young 1 -24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 0.56 

2 31.5 -30.5 -12.5 
Limbic Lobe: Parahippocampal 

Gyrus (BA 36) 

0.27 

3 -3.5 46.2 8.6 
Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.22 

Middle 1 -24.5 -58.7 -32.9 Posterior Lobe: Cerebellar Tonsil 0.80 

2 -38.5 -3.1 -19.6 
Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.66 

3 17.5 32.9 16.4 
Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.45 

Older 
1 -3.5 53.2 2.3 

Frontal Lobe: Medial Frontal Gyrus 

(BA 10) 

0.37 

2 -17.5 46.2 9.4 
Limbic Lobe: Anterior Cingulate 

(BA 10) 

0.36 

3 -31.5 -38.3 36.8 
Parietal Lobe: Inferior Parietal 

Lobule (BA 40) 

0.25 
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Figure 47. Top three sources for Young, Middle aged and Older adults of NP Inhibition Effect 400-450ms
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In this time window, Middle aged adults have a stronger primary, secondary and 

tertiary source activity than both Young and Older adults (see Figure 48).  

 

Figure 48. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of NP inhibition effect 400-450ms. 

Stroop Early Cognitive Inhibition (250-300ms). The top three sources of 250-

300ms post stimulus of the Stroop task inhibition effect are shown in Figure 49 and 

Table 18. Cerebellar activity was demonstrated in all three age groups and was the 

primary source for Young and Middle aged adults. The primary source of activity for 

the Older adults was the MFG of the frontal lobe. 
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Table 18 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 250-300ms: Stroop 

 Maxima x y z Name nAm/cm3 

Young 1 -31.5 -58.7 -32.8 Posterior Lobe: Cerebellar Tonsil 0.46 

2 3.5 46.0 9.5 Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.36 

3 -38.5 -10.6 -11.1 Temporal Lobe: Sub Gyral (BA 21) 0.26 

Middle 1 -24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 0.62 

2 24.5 -58.7 -39.7 Posterior Lobe: Cerebellar Tonsil 0.59 

3 -24.5 32.3 15.9 Frontal Lobe: Medial Frontal Gyrus 

(BA 9) 

0.47 

Older 1 -3.5 52.9 2.6 Frontal Lobe: Medial Frontal Gyrus 

(BA 10) 

1.00 

2 24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 0.81 

3 -31.5 -58.7 -39.7 Posterior Lobe: Cerebellar Tonsil 0.71 
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Figure 49. Top three sources for Young, Middle aged and Older adults of Stroop Inhibition Effect 250-300ms 
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In this time window, the strength of the primary source of activity of Older 

adults was more than double that of the Young adults. The strength of all three sources 

of activity of the Older adults was greater than Young adults and, to a lesser extent, 

Middle aged adults (see Figure 50). For each age group, the three sources were similar 

in strength.  

 

Figure 50. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of Stroop inhibition effect 250-300ms. 

Stroop Early Cognitive Inhibition (300-350ms). The top three sources of the 

Stroop task difference waveform during 300-350ms post stimulus are shown in Figure 

51 and Table 19. Again, all three age groups demonstrated activity in the cerebellum 

with this being the primary source of activity for both Middle aged and Older adults. 

The top source of activity for Young adults was in the ACC. 
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Figure 51. Top three sources for Young, Middle aged and Older adults of Stroop Inhibition Effect 300-350ms 
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Table 19 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 300-350ms: Stroop 

 Maxima x y z Name nAm/cm3 

Young 1 3.5 46.2 9.4 Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.84 

2 -24.5 -58.7 -32.9 Posterior Lobe: Cerebellar Tonsil 0.36 

3 38.5 -10.2 -11.7 Limbic Lobe: Parahippocampal 

Gyrus/Hippocampus 

0.28 

Middle 1 -24.5 -58.7 -38.3 Posterior Lobe: Cerebellar Tonsil 0.79 

2 38.5 -3.1 -19.6 Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.64 

3 -31.5 3.9 -19.6 Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.56 

Older 1 -24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 1.47 

2 24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 0.98 

3 38.5 -2.3 -18.8 Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.46 

 

Similar to the previous time window, the primary source of activity of Older 

adults was greater in strength than those of Young and Middle aged adults (Figure 52).  
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Figure 52. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of Stroop inhibition effect 300-350ms. 

Stroop Late Cognitive Inhibition (350-400ms). The top three sources of the 

Stroop difference waveform 350-400ms post stimulus are shown in Figure 53 and Table 

20. Again, cerebellar activity was demonstrated by all three age groups, and was the 

primary source for Young and Older adults. Young and Middle aged adults also had 

ACC and MFG activity and the top source for Middle aged adults was the superior 

temporal gyrus.  
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Table 20 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 350-400ms: Stroop 

 Maxima x y z Name nAm/cm3 

Young 1 -31.5 -58.7 -32.9 Posterior Lobe: Cerebellar Tonsil 1.36 

2 31.5 -58.7 -32.9 Posterior Lobe: Cerebellar Tonsil 0.65 

3 -3.5 46.2 9.4 
Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.44 

Middle 
1 -38.5 -3.1 -18.8 

Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.82 

2 -3.5 53.2 8.6 
Frontal Lobe: Medial Frontal Gyrus 

(BA 10) 

0.55 

3 -31.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 054 

Older 1 -31.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 1.33 

2 24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 1.23 

3 -38.5 -3.1 -1.8 Insula (BA 13) 0.48 
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Figure 53. Top three sources for Young, Middle aged and Older adults of Stroop Inhibition Effect 350-400ms 
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The top source activity was similar in strength for Young and Older adults 

(Figure 54). The secondary source for Older adults remained high while for Young 

adults it was reduced. Compared to Young and Older adults, Middle aged adults had 

lower strength for the primary source, but similar for secondary and tertiary sources.  

 

Figure 54. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of Stroop inhibition effect 350-400ms. 

Stroop Late Cognitive Inhibition (400-450ms). The top three sources of the 

difference waveform during 400-450ms post stimulus are presented in Figure 55 and 

Table 21. The top two sources for all age groups was cerebellar activity. The third 

activity for Young and Middle aged adults was in the ACC, and for Older adults the 

third source was the superior temporal gyrus.  
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Figure 55. Top three sources for Young, Middle aged and Older adults of Stroop Inhibition Effect 400-450ms 
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Table 21 

Talairach coordinates of peak activity at top three sources for Young, Middle aged 

and Older adults 400-450ms: Stroop 

 Maxima x y z Name nAm/cm3 

Young 1 -31.5 -58.7 -32.9 Posterior Lobe: Cerebellar Tonsil 2.86 

2 31.5 -58.7 -33.6 Posterior Lobe: Cerebellar Tonsil 1.80 

3 -3.5 46.2 2.3 
Limbic Lobe: Anterior Cingulate 

(BA 32) 

0.99 

Middle 1 -31.5 -58.7 -39.9 Posterior Lobe: Cerebellar Tonsil 0.93 

2 24.5 -58.7 -39.9 Posterior Lobe: Cerebellar Tonsil 0.75 

3 -3.5 53.2 8.6 
Frontal Lobe: Medial Frontal Gyrus 

(BA 10) 

0.54 

Older 1 24.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 1.53 

2 -31.5 -58.7 -39.1 Posterior Lobe: Cerebellar Tonsil 1.37 

3 -38.5 -3.1 -18.8 
Temporal Lobe: Superior Temporal 

Gyrus (BA 38) 

0.54 

 

In this time window, the strength of Young adults’ primary source of activity 

was greater than both Middle aged and Older adults (Figure 56). 
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Figure 56. Strength (nAm) of the top three sources for Young, Middle aged and Older 

adults of Stroop inhibition effect 400-450ms. 

There were a number of key source locations that were active across the two 

tasks and the four time windows. Namely the cerebellum, areas within the PFC 

including the ACC, MFG and IFG, and the temporal gyrus (see Figure 57).  

 

Figure 57. Frequency that the locations were in the top three sources for NP and Stroop 
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To further illustrate the shift in age-group differences across the time windows 

and the tasks, the above graphs of source strength are reconfigured in Figure 58. During 

early processing (250-350ms) of NP the Young adults had a top source that was greater 

than Middle aged and Older adults’ top source. Late processing (350-450ms) NP is less 

different between the age groups. Early processing (250-350ms) of Stroop shows that 

Older adults had the stronger top source activity compared to Young and Middle aged 

adults. It was not until the final time frame in the late processing (350-450ms ) of 

Stroop that the Young adults’ top source became stronger than the Older adults’.  

Where the source activity was substantially stronger in young adults compared 

to middle and older adult’s top source (NP 250-300ms and 300-350ms, Stroop 400-

450ms), the activity was located in the cerebellum. 
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Figure 58. Strength of activity. Comparing the age groups across all the time frames. Units are nAm/cm3. 

 

0

1

2

3

Young Middle Older

0

1

2

3

Young Middle Older
0

1

2

3

Young Middle Older

0

1

2

3

Young Middle Older

0

1

2

3

Young Middle Older

0

1

2

3

Young Middle Older

0

1

2

3

Young Middle Older

0

1

2

3

Young Middle Older



AGEING, INHIBITION and ERPs 182 

 

Discussion 

The aim of Study 4 was to test the hypothesis that a reduced ERP amplitude 

for cognitive inhibition seen in older adults compared to young adults may be a result 

of activity in alternate neural areas not detected at the targeted electrodes. In Study 3 

the grand average ERP difference waveform of the Stroop task showed that older 

adults had the lowest ERP amplitude of the three age groups at Cz, CPz, and Pz (250-

350ms)(see Figure 39 from Study 3). Source analysis of the difference waveform over 

this time demonstrated that the Older adults did not have reduced overall neural 

activity compared to Middle aged and Young adults as measured by the strength of 

the source locations. Indeed, the Older adults had the greatest strength of top source 

activity for both 250-300ms and 300-350ms (see Figure 50 and Figure 52). This 

supports the notion that a reduced ERP amplitude at a particular site does not 

necessarily mean an overall reduced neural activity, and could equally reflect a shift 

in location of neural activity. Indeed, at the time that Young adults had the lowest 

ERP amplitude (400-450ms) (see Figure 39), they had greater source strength of 

source activity than both Middle aged and Young adults (see Figure 56). 

A secondary hypothesis of the current study was that Middle aged and Older 

adults would demonstrate additional activity in the frontal regions of the prefrontal 

cortex as compared to Young adults. In partial support of this hypothesis, the strength 

of the source activity reported for the DLPFC were greater for the Middle aged and 

Older adults than they were for the Young adults across each timeframe for both 

tasks. Across the age groups the sources of activity were predominantly located in 

two main regions; the cerebellum and the DLPFC locations of the MFG and ACC. 

Activity of the ACC has long been associated with the role of inhibition (Anokhin et 

al., 2004; Chen et al., 2008; Katz et al., 2010) so this finding is reassuring and not 
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remarkable. Conversely, finding activity of the cerebellum to be so dominant was not 

expected, as the cerebellum has traditionally been primarily associated with 

movement related processing. However, there is a relatively new field of work that 

highlights the association of cerebellar activity with higher order executive 

functioning (Bellebaum & Daum, 2007). For example, activity in the cerebellum has 

been associated with improved attention in response to training programs for children 

with ADHD (Hoekzema et al., 2010), while decreases in cerebellar activity are 

associated with impaired interference control (Persson, Larsson, & Reuter-Lorenz, 

2013). In particular, a number of studies have reported cerebellar activity for the 

interference effect during the Stroop task (Kaufmann et al., 2008; Melcher & Gruber, 

2006; Zysset et al., 2007). More generally, the posterior lobe of the cerebellum has 

been associated with higher level cognitive processes (Stoodley & Schmahmann, 

2009) and functional connectivity MRI analysis has found there to be direct 

projections connecting the DLPFC and ACC/MFG regions with the posterior areas of 

the cerebellum (Krienen & Buckner, 2009). As such, it is not surprising that the 

distributed source analysis approach used in this study identified activity in the 

cerebellum parallel to the activity as expected in DLPFC and ACC/MFG regions 

during the cognitive inhibition tasks in the current study. 

If the cerebellum is involved in a range of higher-order executive functions, it 

is curious that there is not more discussion in the literature. One possible explanation 

as to why cerebellar activity has missed much of the limelight is the technical design 

of fMRI machines (Schlerf, Wiestler, Verstynen, & Diedrichsen, 2014). In particular, 

the experimenter must predetermine the expanse of body tissue to be scanned. As 

such the standard approach is to enter the cortical areas meaning that activity in the 

cerebellum is not captured. Further to this, it may be that there is simply a limited 
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acceptance or platform for discussion regarding cerebellar activity. For instance, 

cerebellar activity is often identified in the tables that list areas of activity even where 

there is no discussion made regarding this activity.  

Another region that was active across the age groups, but more so in Middle 

aged and Older adults, on both the NP and Stroop task was the temporal lobe and in 

particular Brodman’s area 38, also known as the temporal poles. While the temporal 

lobe is associated with language processing, high-level visual processing and 

recognition memory, the temporal pole in particular has been associated with multi-

modal memory retrieval, as well as colour and structural judgements of familiar 

objects (Dupont, 2002; Fan et al., 2014; Olson, Ploaker, & Ezzyat, 2007; Ranganath 

& Ritchey, 2012). It may be that these cognitive processes are assistive to the 

inhibition of NP and Stroop tasks used in the current study. 

ERP activity at any site is influenced not only by location, but also orientation 

of the neural generators (see Section 2.6.1). It is interesting to consider this regarding 

the sources of activity where the Older adults were more than double that of the 

Young adults (see Table 18) at the same time as showing a much reduced ERP 

activity during the 250-300ms time window of Stroop (see Figure 39). Here the 

primary source of activity for Older adults was located in the MFG, while the second 

and third sources that were still greater than those of the Young adults were located in 

the posterior cerebellum. Importantly, while this is a posterior location, and 

specifically very close in proximity to the cerebellar activity of the Young adults, they 

still had reduced ERP amplitude at the centro-parietal sites (Figure 39). It may be that 

the particular cortical region that was active in Older adults was orientated such that it 

was not detected with the particular electrodes used in the analysis such as Pz. On the 

other hand, the location of activity in the younger adults is in the orientation that it is 
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detected at those electrodes. For example, while all three age groups had activity in 

the posterior lobe of the cerebellum, the activity of the Young adults was more 

superior (with a z coordinate of -32) than that of the Middle aged and Older adults 

(with a z coordinate of -39) (see Table 18). Similarly, in the same time frame, the pre-

frontal activity of Young adults show was located in the ACC (with a y coordinate of 

46), while the pre-frontal activity of Middle aged and Older adults was located in the 

MFG (with a y coordinate of 53) meaning that it was more anterior for older than 

young adults. These shifts in location may underlie the differences in amplitude seen 

at particular sites.  

An interesting feature of the strength of the top sources is that from 250-

400ms of automatic inhibition (NP), young adults have a prominent first source and 

much reduced second and third sources, where the middle and older adults are quite 

similar between their top three sources. This pattern of source activity may support 

the Dedifferentiation Theory of Ageing. That is, while young adults have a very 

focused area of the brain that is involved in processing the task, older adults utilise a 

more diffuse area more equally for processing. However, these analyses are not 

quantifiable and are simply a qualitative comparison. 

In summary, for the difference waveform of the Stroop, Young adults show a 

greater ERP peak over the centro-parietal sites while Older adults barely show any 

peak, yet Older adults show greater strength of top source activity in a similar but 

slightly different location. Similarly, the difference waveform for processing of NP 

automatic inhibition showed Young adults had reduced amplitude compared to 

Middle aged and Older adults at Cz and CPz (Figure 39). However, Young adults 

display greater top source activity compared to Middle aged and Older adults (see 

Figure 58). This further demonstrates that a reduced amplitude on an ERP does not 
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necessarily indicate reduced activity. Of the three alternate explanations of why older 

adults might have a reduced ERP amplitude, the findings of this study suggest that 

differences in the exact location of cortical activity may at least partially explain the 

amplitude difference at particular sites. Another potential consideration is that Middle 

aged and Older adults may be more variable across trials or across individuals at the 

group level. To contribute to this understanding, Study 5 was designed to directly 

investigate the extent of inter and intra-individual variability across the age groups. 
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Chapter 8: Study 5 – Inter- and Intra-Individual Variability 

A key aspect of this thesis was to considering alternative explanations for the 

reduced ERPs seen in Older adults compared to Young adults by extending the EEG 

data beyond traditional analysis techniques. In the current study, the analyses will 

consider the possibility that a reduced ERP amplitude may be the result of the ERP 

averaging technique in a population with greater variability. Where there is greater 

variability in amplitude at each time point, either across trials or between people, the 

averaging technique will produce a longer, lower waveform, as is often seen in older 

adults across a range of ERP peaks, including N2, P3a, P3b, P350, N800, Medial-

Frontal Negativity, Feedback Related Negativity (Mager et al., 2007; Mathewson, 

Dywan, Snyder, Tays, & Segalowitz, 2008; Nessler et al., 2007; Vallesi et al., 2009; 

Wild-Wall et al., 2008). An examination of the influence of inter- and intra-individual 

variability on P3 grand average amplitude and performance outcomes was the focus 

of the current study.  

Inter-individual variability is where the performance outcomes are more 

diverse in one group than another group. On the other hand, intra-individual 

variability is the degree to which the individual varies across trials within a session on 

a task. Traditionally, assessments of ability and comparisons between groups have 

focused on the mean level of performance, with fluctuations across trials attributed to 

task-irrelevant noise. However, intra-individual variability has become a focus of 

research in its own right and has been found to be related to changes associated with 

cognitive ageing (Anstey, 2004). An increased intra-individual variability using 

reaction time (RT-IIV) is associated with increased cognitive impairment in older 

adults across a number of cognitive constructs including perceptual speed, working 

memory, episodic memory and crystallised abilities (Hultsch, MacDonald, & Dixon, 
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2002). The variability differences are most apparent in more demanding conditions 

(Strauss, Bielak, Bunce, Hunter, & Hultsch, 2007) and have been found to precede 

and predict cognitive decline over time (Lovden, Li, Shing, & Lindenberger, 2007). 

Increased RT-IIV is also associated with poorer performance in implicit and explicit 

word memory tasks (Hogan et al., 2006). Bellgrove, Hester, and Garavan (2004) 

found that those with greater RT-IIV also had poorer inhibitory success as measured 

by percentage of NoGo trials successfully restrained. They also found using fMRI that 

those individuals with greater RT-IIV also had greater activation of inhibitory 

regions. The authors suggested that this may indicate a greater requirement for 

ongoing executive control in this group and therefore reflects compensatory 

mechanisms. Interestingly the Bellgrove et al. study did not find that RT-IIV was 

related to age, however the range of ages was small (18-46 years) and did not include 

those normally considered as ‘older adults’ (e.g. those over 65 years). 

RT-IIV has generally been shown to be greater in older adults than young 

(Anstey, 2004) and this age-effect is greater in more complex conditions (Dykiert, 

Der, Starr, & Deary, 2012). Ravden and Polich (1999) have suggested that RT 

variability across trials may reflect fluctuations in arousal. It is possible that 

fluctuations in arousal or attention may impair processing efficiency, thereby 

detrimentally affecting overall performance. Importantly, RT-IIV is associated with 

neural degeneration, including a decrease in white matter volume (Walhovd & Fjell, 

2007) as well as the presence of white matter hyperintensities (WMH) in the frontal 

lobe (Bunce et al., 2007). This relationship between an increase in RT-IIV, neural 

degeneration and cognitive impairment in older adults has been replicated using RT 

data (Anstey, 2004; Christensen et al., 2005; Dixon et al., 2007; Strauss et al., 2007). 

Importantly, greater RT-IIV has been found to be associated with poorer performance 
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on a Go/NoGo task irrespective of age (Bellgrove et al., 2004) or patient status 

(Kraemer et al., 2013). This suggests that RT-IIV may be related to the top-down 

control of cognitive inhibition independent of demographic factors.  

RT-IIV has been shown to be greater in complex conditions compared to 

simple conditions (Dykiert et al., 2012). Rather than increased variability being a 

reflection of poor cognitive functioning, an alternate suggestion is that variability 

reflects practice related learning and adjustments across trials (Allaire & Marsiske, 

2005). For example, where learners are adapting and changing their responses over 

time, they would demonstrate a reduced error rate associated with increased RT-IIV. 

Conversely, those with low variability are not making the adjustments based on the 

learning and do not improve over time. As such, the contradictory hypotheses are that 

high variability might be a sign of neural instability (e.g., Hogan et al., 2006), where 

low variability might indicate inflexibility and therefore an impaired learning 

processes (e.g., Allaire & Marsiske, 2005).  

Although IIV is most commonly measured using RT, another field of research 

has investigated IIV using EEG amplitudes across trials (EEG-IIV) with limited 

application to date. Populations that have demonstrated greater EEG-IIV include 

patients with schizophrenia (Anderson et al., 1995), adolescents with ADHD 

(Karayanidis et al., 2000; Lazzaro et al., 1997), and healthy older adults (Hogan et al., 

2006). In healthy older adults, variability of the P300 amplitude has been found to 

account for significant variance of RT variability, which in turn accounts for poor 

memory performance in older adults using structural equation modeling (M. J. Hogan 

et al., 2006).  

There are a number of approaches that measure different aspects of EEG-IIV. 

One such approach is called the response variance curve (RVC). The RVC is a 
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technique that plots an individual’s magnitude of variance across all trials at each time 

point in a selected time window (J. Anderson et al., 1995; Lazzaro et al., 1997). For 

example, an epoch might be extracted from - 200ms to + 500ms post stimulus onset 

(as shown in Figure 59). If data is sampled at 1000Hz, giving 700 data points, and 30 

trials are used, the RVC is obtained by calculating the variance in the activity across 

these 30 trials, at each of the 700 data points.  This is done for each electrode site and 

each condition. A RVC score is calculated as the maximum variance within the time 

window of interest. In this example, the RVC score would be maximum degree of 

variance within the 700ms. This score can then be used in further statistical 

procedures such as ANOVA to assess group differences. This technique is useful in 

providing a group comparison along the length of a window, identifying the time 

course of variability for each group.  

Figure 59. Grand average ERP waveforms (left) and grand average RVC waveforms 

(right) of medicated ADHD (dotted line), unmedicated ADHD (thin line) and control 

(bold line) adolescents.  

Source: “Single trial variability within the P300 (250-500 ms) processing window in 

adolescents with attention deficit hyperactivity disorder”, by I. Lazzaro and 

colleagues, 1997, Psychiatry Research, 73, p. 96. Reprinted with permission.  

Mathematically, where there is greater heterogeneity within the group, the 

grand average ERP will also be affected. Inter-individual variability, that is the 



AGEING, INHIBITION and ERPs 191 

 

difference between individual members of a group, is often found to be greater in 

older adults than in young adults (Hultsch et al., 2002). It is possible that the lower, 

flatter P3 waveform of older adults seen in Study 3 (see Figure 35) is partially a result 

of inter-individual variability. If older adults are more variable in their mean 

amplitude for the 250-350ms time window, then this may contribute to a reduced 

group mean amplitude.  

In summary, it was hypothesised that age would be associated with RT-IIV 

such that Older adults have greater variability than Young adults, and that this would 

be progressive such that Middle aged adults would be between Young and Older 

adults in variability. As greater RT-IIV has been associated with both cognitive 

decline (Lovden et al., 2007) and poorer performance on cognitive tasks (M. J. Hogan 

et al., 2006; Strauss et al., 2007) and inhibition performance in particular (Bellgrove 

et al., 2004), it was hypothesised that an increased RT-IIV would be associated with 

poorer cognitive inhibition performance. In relation to EEG variability, the individual 

mean amplitude of the P3 ERP was expected to be more variable between individuals 

in the older adult group than in the younger adult group. It was further hypothesised 

that EEG-IIV would increase with age such that older adults would have greater EEG-

IIV than middle aged adults, and middle aged adults would have greater EEG-IIV 

than young adults. Finally, where variability contributes to a lower waveform, we 

hypothesised that a greater EEG-IIV would be associated with a reduced P3 mean 

amplitude. 

Method 

Participants. This study used the same data that was used for Study 3. That is 

those collected from 38 young adults (age range 17-33 yrs, M = 21.26, SD = 3.82), 23 
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middle aged adults (age range 55-70 yrs, M = 63.57, SD = 5.05) and 23 older adults 

(age range 71-84 yrs, M = 74.43, SD = 3.81). 

Materials and Equipment. As outlined in Study 1.  

Analysis. RT IIV was calculated using the intra-individual coefficient of 

variability technique (Bellgrove et al., 2004; Kraemer et al., 2013; Stuss, Murphy, 

Binns, & Alexander, 2003). This approach controls for differences in mean RT by 

comparing the RT SD to the RT mean for each individual (RTSD/RTM) for each 

experimental condition. This is done because RT variability is known to increase with 

RT mean time (Anstey, Dear, Christensen, & Jorm, 2005) and may in fact account for 

some of the age-related differences seen in RT-IIV (Dykiert et al., 2012). To assess 

age-related differences under the different degrees of complexity with neutral and 

incongruent trials, as well as controlled and automatic inhibition, RT-IIV was 

compared between the groups using a mixed 3 (Age group: Young v Middle v Older) 

x 2 (Task: NP v Stroop) x 2 (Condition: Neutral v Incongruent) ANOVA with age 

group as the between group measure.  

To assess the relationship between RT-IIV and performance outcomes, 

bivariate correlations were run between the RT-IIV scores of incongruent trials and 

the performance outcome measures of the inhibition effect (i.e. RT and error rate data 

of incongruent – neutral). Incongruent trials were used as opposed to neutral trials, as 

incongruent trials are where the need to inhibit is involved. As such, this comparison 

considers whether the degree of that person’s variability across trials of inhibitory 

control is related to the degree that their performance is affected. This was done 

separately for NP and Stroop tasks. That is, RT-IIV of NP incongruent trials was 

compared to RT and ER inhibition effect of NP. Similarly, RT-IIV of Stroop 

incongruent trials was compared to RT and ER inhibition effect of Stroop.  
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As RT-IIV is said to increase with task complexity (Dykiert et al., 2012), 

paired-sample t-tests were used to compare the automatic (NP) and controlled 

(Stroop) tasks on both neutral and incongruent trials. This was done separately by age 

group as it was found that the middle and older adults had less difference in 

processing between the tasks (Study 2) than young adults (Study 1) in this sample.  

To consider whether the groups differed in the diversity of individuals 

contributing to the group’s grand average ERP, EEG inter-individual variability was 

compared at a group level by running a Levene’s Test for Equality of Error Variances 

on the mean amplitudes for the P3 time window (250-350ms). This was done 

separately for both P5 and P6 sites on neutral and incongruent trials on NP and Stroop 

tasks, with age group as the between subject factor. As this involved multiple 

comparisons, a Bonferroni correction was made such that a significance level of .05/8 

= .006 was used.  

EEG intra-individual variability (EEG-IIV) was calculated using MATLAB by 

calculating the variance in amplitude across the correct trials for each condition 

(neutral and incongruent) for NP and Stroop. This was done at each data (or time) 

point for each task at both P5 and P6 electrodes within the P3 time window (250-

350ms). Two scores were then calculated for each individual. An individual EEG-IIV 

max score was calculated as was done by Lazzaro et al. (1997), with score reflecting 

the maximum variance within the time window of interest. Further to this, the 

individual EEG-IIV mean variance score was also calculated as the average degree of 

variability across the same time window (250-350ms). These scores were then 

compared between the groups by using a mixed model ANOVA with age group as the 

between factor variable and maximum and mean variance as the DVs for both neutral 

and incongruent trials on NP and Stroop tasks. The relationship between EEG-IIV and 
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inhibitory control was considered using bivariate correlations similar to that for RT-

IIV across all participants. That is, the EEG-IIV of NP incongruent trials were 

compared to the RT and error cost of NP inhibition effect and the EEG-IIV of Stroop 

incongruent trials were compared to the RT and error cost of Stroop inhibition effect 

without the inclusion of age or age group. 

Results 

Group Differences in RT-IIV. To test for the presence of group differences 

in RT variability, RT-IIV scores were compared using a 3 (Age group: Young vs. 

Middle vs. Older) x 2 (Task: NP vs. Stroop) x 2 (Condition: Neutral vs. Incongruent) 

mixed ANOVA. Group mean, minimum and maximum of the RT-IIV scores are 

presented in Table 22 below. 

Table 22 

Group mean, minimum and maximum of the RT-IIV measure (coefficient of 

variability) for NP and Stroop on neutral and incongruent trials 

 NP Neutral NP Incongruent Stroop Neutral Stroop Incongruent 

Young m = .260 

.14 – .43 

m = .262 

.14 – .48 

m = .260 

.15 – .44 

m = .297 

.17 – .45 

Middle m = .196 

.10 – .35 

m = .188 

.11 – .31 

m = .188 

.11 – .30 

m = .218 

.12 – .34 

Older m = .189 

.11 – .27 

m = .192 

.12 – .25 

m = .183 

.10 – .29 

m = .211 

.12 – .32 

 

Using a mixed model ANOVA, there was a significant main effect of Age for 

RT-IIV (F(2, 81) = 18.32, p < .001, η2
p= .311). There were no significant age-related 

interaction effects (all ps > .466). Follow up t-tests on the average RT-IIV across 

tasks and conditions showed that Young adults (M = .270, SD = .064) were more 

variable than both Middle aged (M = .197, SD = .054) and Older adults (M = .194, SD 

= .041), and that Middle and Older adults did not statistically differ (see Table 23).  
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Table 23 

Independent samples t-test comparing Young, Middle and Older adults on RT-IIV 

Comparisons t df p d 

Young v Middle 4.52 59 <.001 1.21 

Young v Older 5.65 58.8 <.001 1.34 

Middle v Older .25 44 .801 .06 

 

There was a main effect of Task (F(1, 82) = 5.12, p = .026, η2
p= .059) such 

that RT during Stroop was more variable than RT during NP. Similarly, there was 

also a main effect of Condition (F(1, 82) = 25.16, p < .001, η2
p= .237) such that RT 

was more variable during incongruent trials than neutral trials. There was also a Task 

x Condition two way interaction (F(1, 82) = 29.44, p < .001, η2
p= .267) such that 

incongruent trials were more variable than neutral trials for the Stroop task but that 

there was no difference between these two types of trials for the NP task (see Figure 

60). Paired sample t-tests found that the RT-IIV of neutral and incongruent trials were 

not statistically different for the NP task for any of the age groups (see Table 24). In 

contrast, incongruent trials were more variable than neutral trials during the Stroop 

task for all age groups. There was also no difference in RT-IIV of NP and Stroop 

tasks during neutral trials. Also, NP and Stroop tasks differed during incongruent 

trials such that Stroop task was more variable than NP.  
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Table 24. 

Within group paired-sample t-tests comparing RT-IIV across conditions 

 Young  Middle  Older 

 t df p d  t df p d  t df p d 

Ntl v Inc              

NP  -.343 37 .733 -.05  1.46 22 .158 .31  -.525 22 .605 -.11 

Stroop  -4.66 37 <.001 -.75  -3.62 22 .002 -.76  -3.28 22 .003 -.66 

NP v Stroop              

Ntl .02

3 37 .982   .01 

 

.782 22 .443   .16 

 

.863 22 .398   .17 

Inc 
3.6

0 
37 .001 -.58  -2.73 22 .012 -.57  -1.82 22 .082 -.37 

 

Figure 60. RT Variability by condition and task. 

Relationship between RT-IIV and inhibition performance. Bivariate 

correlations found that there was a positive relationship such that increased RT-IIV on 

incongruent trials is associated with increased RT inhibition effect (incongruent – 

neutral). This was true for both NP (r = .26, p = .015) and Stroop (r = .26, p = .016). 

There was no significant relationship between RT-IIV and inhibition effect using 

error rate for either NP (r = .06, p = .595) or Stroop (r = .11, p = .305). This 
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relationship remained after controlling for age using partial correlations; RT cost NP 

(r = .29, p = .008) and Stroop (r = .54, p < .001), error cost NP (r = -.04, p = .732) and 

Stroop (r = .10, p = .363). The presence of a relationship between RT-IIV and 

performance was checked against the neutral trials to be sure that that effect was 

related to the incongruent trials where there is the need to inhibit. There were no 

significant correlations between RT-IIV and inhibition effect (incongruent – neutral) 

for either RT (NP, r = .12, p = .254; Stroop, r = .10, p = .375) or error rate (NP, r = -

.04, p = .724; Stroop, r = .05, p = .680). 

Group Differences in Inter-Individual Variability of EEG mean 

amplitude. Age-related differences were considered using a Levene’s test of 

homogeneity of variance on eight comparisons; Task (NP and Stroop) x Condition 

(neutral and incongruent) x Site (left and right parietal electrode P5 and P6). As there 

were multiple comparisons, a Bonferroni correction allowing for the eight 

comparisons was used (ie. p less than .05/8 = .006). Using this cutoff, there was a 

group difference in the group variability of NP Neutral P5 250-350ms (F(2, 81)=5.61, 

p =.005). Inspection of the variance scores found that young adults were the most 

variable (m = 6.40) compared to older adults (m = 3.28)  middle aged adults (m = 

2.12).  

Group Differences in Intra-Individual Variability of EEG mean 

amplitude. Table 25 presents the group mean as well as the minimum and maximum 

of the group maximum and mean EEG-IIV for each task and condition. A 3 (age: 

Young vs. Middle vs. Older) x 2 (task: NP vs. Stroop) x 2 (condition: neutral vs. 

incongruent) mixed model ANOVA found that there were no significant main or 

interaction effects for Task, Condition or Age for either mean or maximum EEG-IIV.  
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Table 25 

Group mean, minimum and maximum of the mean EEG-IIV and max EEG-IIV 

measures for NP and Stroop on neutral and incongruent trials 

 Neutral   

EEG-IIV max. 

Neutral        

EEG-IIV mean 

Incongruent  

EEG-IIV max. 

Incongruent  

EEG-IIV mean 

Negative Priming    

Young m = 199.75 

41.1 – 787.6 

m = 156.27 

31.1 – 601.2 

m = 204.32 

45.2 – 818.4 

m = 156.51 

35.0 – 668.1 

Middle m = 169.75 

46.0 – 823.1 

m = 130.88 

32.5 – 643.7 

m = 166.03 

41.9 – 882.3 

m = 127.75 

30.4 – 653.4 

Older m = 1003.51 

44.5 – 14861.8 

m = 868.92 

33.7 – 13709.4 

m = 1244.00 

44.8 – 17450.7 

m = 976.38 

23.5 – 13925.5 

Stroop    

Young m = 199.02 

48.6 – 774.6 

m = 157.23 

37.3 – 627.5 

m = 202.10 

51.1 – 890.3 

m = 158.14 

39.2 – 670.4 

Middle m = 163.84 

37.4 – 1020.0 

m = 125.29 

27.8 – 814.3 

m = 167.55 

37.3 – 949.0 

m = 126.64 

26.6 – 809.6 

Older m = 1142.66 

59.1 – 13536.4 

m = 941.32 

41.8 – 12275.5 

m = 1216.15 

52.8 – 16048.9 

m = 910.37 

38.9 – 12250.1 

 

On inspection of the distribution of EEG-IIV scores there were two older 

adults who were outliers on all four EEG-IIV measures (i.e, > 2.5 x SD). The above 

repeated-measures ANOVA was re-run without the 2 outliers and the analyses 

confirmed that there was still no main group effect of age on EEG-IIV mean (F(2.81) 

= .992, p = .375, η2
p = .024) or EEG-IIV max (F(2,81) = 1.33, p = .272, η2

p = .032). 

As a further check for relationship between age and EEG-IIV, bivariate correlations 
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were run with and without these two participants. As EEG-IIV was highly similar 

across the tasks and conditions, a composite total EEG-IIV score was calculated as an 

average of the four measures. The results show that there was no significant 

relationship between age and EEG-IIV either with or without the outliers (see Table 

26). As the exclusion of these participants did not change the outcome of the 

comparisons, they were retained for the remainder of comparisons. 

Table 26 

Correlations between age and EEG-IIV measures with and without EEG-IIV 

outliers 

 Neutral       

EEG-IIV NP. 

Incongruent       

EEG-IIV NP 

Neutral EEG-

IIV Stroop. 

Incongruent 

EEG-IIV Stroop 

Average 

EEG-IIV 

With 

Outliers 

r = .140 

p = .102 

r = .152 

p = .084 

r = .160 

p = .073 

r = .157 

p = .077 

r = .153 

p = .083 

Without 

Outliers 

r = .010 

p = .466 

r = .007 

p = .475 

r = .037 

p = .370 

r = .046 

p = .339 

r = .027 

p = .405 

 

As seen in Table 25, mean and max EEG-IIV were highly similar, and as such 

only mean EEG-IIV was used for the remainder of the EEG-IIV analyses.  

Relationship between EEG-IIV and ERP mean amplitude. Bivariate 

correlations between mean EEG-IIV and P3 mean amplitude for NP and Stroop on 

neutral and incongruent trials were run using all participants. These were not found to 

be significant, as presented in Table 27. 
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Table 27 

Correlations between EEG-IIV and P3 mean amplitude for neutral and incongruent 

trials of NP and Stroop tasks for all participants (N = 84) 

 
NP Neutral NP Incongruent Stroop Neutral 

Stroop 

Incongruent 

EEG-IIV mean r = -.097 

p = .380 

r = -.061 

p = .581 

r = -.010 

p = .926 

r = -.031 

p = .777 

 

Relationship between EEG-IIV and inhibition performance. Bivariate 

correlations comparing EEG-IIV and RT and error cost of inhibitory control found 

that there was no relationship between EEG-IIV and performance either by RT or 

error rate on both tasks (see Table 28). 

Table 28 

Correlations between EEG-IIV of incongruent trials and inhibition cost by RT and 

error rate of NP and Stroop for all participants (N = 84) 

 NP RT NP Error Stroop RT Stroop Error 

EEG-IIV mean r = -.008, 

p = .942 

r = -.009, 

p = .938 

r = .045, 

p = .685 

r = .141, 

p = .201 

 

Discussion 

This study was designed to consider age-related differences in inter- and intra-

individual variability in both performance and processing. In particular, EEG-IIV was 

considered as a potential factor to account for the reduced activity associated with 

ERP amplitudes in the 250-350 time frame seen in older adults in Study 3. Contrary 

to the hypothesis, no differences were found in EEG-IIV between the age groups, nor 
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was EEG-IIV related to P3 mean amplitude. Importantly EEG-IIV was not related to 

the performance of the inhibition tasks as measured by the additional RT and error 

cost of the inhibition effect. 

To consider another aspect of ageing that has been associated with impending 

cognitive decline, the RT-IIV was also compared between groups. It was found that 

there was a difference between the age groups. However, contrary to the hypothesis, 

young adults were higher in RT-IIV than middle and older adults. It is unlikely that 

this was a result of learning as increased RT-IIV was not associated with improved 

performance using neither RT or error rate. In fact, RT-IIV was associated with 

increased RT cost for both NP and Stroop, and there was no relationship between RT-

IIV and error rate cost of inhibition in the current sample.  

RT-IIV was greater during the incongruent trials than the neutral trials of the 

Stroop task. This provides evidence for the prediction that RT-IIV would be greater in 

more complex conditions (Dykiert et al., 2012). Similarly, RT-IIV was greater during 

incongruent trials of the controlled Stroop task compared to the automatic NP (see 

Table 24 and Figure 60). Interestingly, this later difference between the tasks 

decreased with age. That is the effect size of the difference was smaller in older adults 

than young adults. This might reflect the findings of Study 2 where there was less 

processing difference between the tasks in the older adults than there was in the 

young adults.  

The lack of group difference for EEG-IIV in the current sample may be a 

result of small group sizes on inherently noisy data that is EEG. However previous 

studies that used similar analysis techniques had a comparable number of participants 

to the current study. For example, Hogan et al. (2006) had 24 young, 24 old and 16 

AD; Karayanidis et al. (2000) had 23 ADHD and 19 controls; Anderson et al. (1995) 
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had 40 in each group; Lazzaro et al. (1997) had 17 ADHD and 17 controls. 

Alternatively, it is possible that the groups did not differ on the trial-trial variability of 

EEG activity. The findings of this study suggest that for the current sample, the EEG 

variability did not account for the reduced P3 amplitude in the older adults’ grand 

average waveform seen in Study 3.  

The third possible explanation that might contribute to a reduced P3 seen in 

older adults may be that they use is a different cognitive approach. For example, 

where the P3 reflects response selection and inhibition of alternative responses, if the 

older adults are dedicating greater neural processing to target identification in early 

visual processes, associated with the N1, then the need to spend neural activity on 

response selection and inhibition of alternative responses at the P3 latency, is reduced. 

This was the purpose of Study 6.  
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Chapter 9: Study 6 – Is the ERP difference reflective of Efficiency or Deficiency?  

As has been mentioned, there are a number of possible factors that may 

contribute to a reduced ERP amplitude. The aim of the final study of this thesis was to 

consider a third possible explanation for the reduced P3 seen in the Older adults in 

Study 3; that being a temporal shift in processing strategy. Rather than simply having 

reduced neural activity, it may be that a reduced P3 in older adults might reflect a 

diversion of resources. While it is still not clear which cognitive process the P3 

represents, it is generally agreed that it is related to processes of context 

representation and response selection (see Section 2.6.3). As such, it is plausible that 

where greater cognitive effort is spent on early visual processing there would be less 

cognitive effort required at the response selection stage of processing. That is, if Older 

adults increase the early intentional processing of the target information (as shown by 

a larger N1) such that the distracting influences are not cogitated, there is then less 

cognitive processing required to identify the response selection required from the 

alternatives as reflected by the mid-latency processing of the P3. It was seen in Study 

3 that compared to Young adults, Middle aged and Older adults did show an increased 

N1 alongside the reduced P3.  

Wild-Wall et al. (2008) suggested that the increased N1 for older adults 

reflects an increased attention specifically to the target, and not increased flanker 

processing. That is, compared to young adults, older adults are using increased 

intentional, top-down visual attention to process the target and thereby experience less 

interference of the flankers. This may help to explain why some research has found 

that older adults ‘fail’ to show an inhibition effect of NP, where young people do 

(McDowd & Oseaskreger, 1991; Schlaghecken & Maylor, 2005). If that is the case, 

and older adults have better visual processing of target information, alongside an 
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absence of the distracting information, then this may be associated with decreased 

need for the processing involved at P3. If the P3 is associated with response processes 

(Wild-Wall et al., 2008), attentional allocation (Tays et al., 2008), or effectiveness of 

inhibition (Vallesi et al., 2009), all of these processes will be more strenuous when the 

correct response is to be selected from competing incorrect, or distraction alternatives. 

As such, age-related differences in P3 may reflect differences in degree that the target 

needs to be identified amongst distracting response alternatives. That is, where older 

adults are investing more at N1 in processing the target information, then they may 

therefore have less competing distractions to choose from at the stage of the P3. This 

means that the reduced P3 would not be indicative of impaired inhibition processing, 

but of differences in cognitive processing approach, similar to differences in 

speed/accuracy trade-off. Using a similar reasoning and approach, Tays et al. (2008) 

found that an increase in P3a was correlated with a decrease in medial frontal 

negativity (MFN) in young adults and suggested that those participants who had 

greater neural discrimination of targets from non-targets (P3a amplitude), experienced 

less distraction, as indexed by the reduced MFN. The current study was designed to 

consider this interactive effect of the ERP peaks across early, middle and later stages 

of processing. 

More traditional methods of investigating the relationship between ERPs and 

performance include comparing the mean amplitude of groups or conditions. For 

example, in a sample of young adults, Frings and Groh-Bordin (2007) and Gibbons 

(2009) compared the neutral and incongruent ERPs of strong and weak NP 

performers separately. Both studies found that participants showing a strong NP effect 

(i.e., greater RT cost) showed a reduction in P3 amplitude for incongruent trials 

compared to neutral trials, but participants showing a weak NP effect (i.e., little to no 
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RT cost) showed no difference between neutral and incongruent trials. That is, a 

reduction in P3 amplitude was associated with the complex condition for poor 

performers, where high performers showed no difference between the conditions. 

Comparing between slow and fast responders, Lansbergen and Kenemans (2008) 

found that there was an increased frontal positivity during high-conflict incongruent 

trials for those who were slower to respond, but no such increase in the faster 

responders. That is, an increase in frontal positivity was associated with the complex 

condition for poor performers, where high performers again showed no difference 

between the conditions. Other studies have reported group differences in ERP and 

also performance outcomes, such as where older adults had a larger N1 than young 

adults, and also fewer errors (viz. Wild-Wall et al., 2008). However, such reports are 

not direct statistical comparisons, but simply group-based observations. Comparing 

ERP amplitudes of high and low performers is one technique to consider the 

relationship between ERP and performance outcomes. Another technique that has 

been used is correlation analysis.  

In a sample of children and young adults, a late increase in general scalp 

positivity (680-800ms) was correlated with increased RT (Jongen & Jonkman, 2008). 

Similarly, in a sample of young and older adults, a mid-latency increase in frontal 

positivity (400-500ms) was also significantly correlated with increased RT, as well as 

increased errors (Tays et al., 2008). That is, higher amplitudes were associated with 

poorer performance using both RT and error rate. In a sample of older adults, Bokura 

et al. (2005) found that there was a negative correlation between P3 amplitude and 

commission errors. That is, in contrast to the other studies mentioned, they found that 

greater P3 amplitude was related to better performance, with a reduced error rate. The 

conflict of findings may be related to the different performance measures used 



AGEING, INHIBITION and ERPs 206 

 

between the studies (RT and error rate), or the age groups involved. Using a sample of 

both young and older adults, Saliasi et al. (2013) found that P3 amplitude varied with 

working memory performance differently for the age groups. The performance 

measure in this study incorporated both RT and error rate to account for differences in 

speed/accuracy trade off. Saliasi et al. (2013) found that an increased P3 was 

associated with more efficient working memory performance in young adults (that is 

reduced RT and error rate), whereas an increased P3 was associated with less efficient 

working memory performance in older adults (increased RT and error rate). While 

this is in conflict with Bokura et al. (2005), the combination of these studies suggest 

that the relationship between the P3 and performance outcomes might be different for 

young and older adults, and consideration of both RT and error rate is needed for a 

full understanding of the relationship between ERP amplitude and performance 

outcomes.  

The matter that is absent from these and other studies is considering ERP 

amplitude at multiple stages of processing. ERP research often reports group or 

condition differences at a particular ERP peak or multiple peaks in a restricted time 

window. The current study was designed to consider whether the pattern of age-

related differences in ERP peak amplitude at multiple time points were associated 

with the performance outcomes of the inhibition tasks. In particular, the pattern of 

ERPs seen in Study 3 such that young adults had a small N1 and large P3 where older 

adults had a large N1 and small P3. If the reduced P3 seen in older adults is reflective 

of a different cognitive strategy, it might be that a combination of the early, middle 

and late ERP peaks might be associated with performance outcome. Multiple 

regression (MR) analysis is ideal to test the relationship between predictor and 

outcome variables; however, where the predictor variables are correlated, such as is 
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inherent with ERP voltages, MR faces serious complications (Rajab, MatJafri, & Lim, 

2013). Principal component (PC) analysis mitigates the issue of multicollinearity by 

transforming original, correlated variables into new uncorrelated variables that are 

linear combinations of the original variables (Rajab et al., 2013). These new 

uncorrelated variables, or principle components (PC), optimise spatial patterns and as 

such, are ideal for use in MR analysis. This technique is known as principal 

components regression (PCR) analysis (Liu, Kuang, Gong, & Hou, 2003; Rajab et al., 

2013). In this study, PCR was an ideal technique to test the combination of early, 

middle and late ERP peaks and their association with performance outcomes while 

addressing the inherent multicollinearity between the ERP peaks. Where an increased 

N1 and decreased P3 is a reflection of deficient or impaired neural processing, then 

this combination would be associated with poorer performance outcomes. On the 

other hand, if an increased N1 reflects better target detection and therefore reduces the 

activity required at P3, then this combination would provide equal performance 

outcomes to a combination of smaller N1 and increased P3. Where this is the case, it 

may be that the age-related change in ERP amplitude might be partially a result of 

age-related change in processing strategy. 

There are a number of statistical procedures that can be used to quantify 

performance outcomes and it is important to consider what each score or variable is 

measuring. The performance of inhibitory control can be measured by the additional 

activity required to process (RT) or by the success/failure with which the incorrect 

response is withheld (error rate). However, as people differ in their criterion for speed 

and accuracy, a further performance measure that considers both RT and error cost 

when quantifying inhibition performance is beneficial for the purpose of this study. 

Saliasi et al. (2013) described a performance efficiency score that was calculated 
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using both RT and error rate. This was done by obtaining z-scores of the RT and error 

rate and then averaging across the two, so that each person has a ‘performance 

efficiency’ score. A high performance efficiency score indicates more additional time 

and errors, where a low score indicates less additional time and errors. As such, for 

the current study this measure will be referred to as the ‘performance expense’ 

measure, indicating additional time and resources needed for the incongruent 

condition over the neutral condition, and will be used as a dependent variable in a 

PCR. 

In summary, Study 6 was designed to consider the relationship between early, 

middle and late stage ERP peaks, as well as the relationship between ERP amplitudes 

and performance outcomes. This was done using a number of previous statistical 

methods as well as a novel statistical approach. By comparing ERPs between 

conditions for high and low performers separately, it was expected that poor 

performers would show a reduced P3 for incongruent trials compared to neutral trials, 

where high performers would show no difference between the conditions (Frings & 

Groh-Bordin, 2007; Gibbons, 2009). It was further predicted that an increase in P3 

amplitude would be correlated with better performance for young adults, but poorer 

performance for older adults (Saliasi et al., 2013). Further, it was expected that a 

larger N1 would be associated with better performance outcomes. There was no 

previous research on which to base predictions for the late FP600. 

The relationship between the peaks was tested using bivariate correlations, 

similar to the approach of Tays et al. (2008). From the results of Study 3, it was 

expected that a larger N1 would be associated with a smaller P3, and potentially a 

more lateralised FP600. PCR was used as an alternative analysis approach to 

concurrently consider the relationship between multiple ERP amplitudes and 
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performance outcomes. As this was exploratory, no directional hypotheses were 

identified and multiple comparisons were not corrected for.  

Method 

Participants. This study used the same data that was collected for Study 3.  

Materials and Equipment. As outlined in Study 1.  

Data Analysis. The performance scores were calculated as described by 

Saliasi et al. (2013) and noted above. The direct relationship between individual’s 

amplitude of the ERP peaks of interest and their performance outcomes was tested 

using a correlation analysis. These were run separately for NP and Stroop against 

performance expense, as well as the RT and error rate inhibition effect. The mean 

amplitude of ERP components used for this analysis were those of the incongruent 

condition as this condition includes the requirement to inhibit the distracting 

information, and the performance measures are reflecting this outcome. To test the 

relationship between neural activity performance outcomes using previous methods 

(Frings & Groh-Bordin, 2007; Gibbons, 2009), ERP waveforms were compared 

between conditions separately for high and low performers. Group membership was 

determined by using a median split, grouping all participants into low and high 

performance categories above and below the median performance expense score. As 

the analyses were run separately for NP and Stroop, group membership was also 

calculated separately for the two tasks. That is, a particular participant might be in the 

low group for one task, but in the high group for the other task. The ERP mean 

amplitudes of the four peaks of interest (N1, P3, AF7, AF8) were then compared 

between incongruent and neutral conditions separately for the NP and Stroop tasks, 

for low and high performers. 
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In line with previous research (e.g., Jongen & Jonkman, 2008), correlations 

were run between each of the ERP mean amplitudes and performance outcomes. This 

was done separately for NP and Stroop comparing amplitude of neutral trials to the 

performance expense score. To consider the possible difference in the relationship 

between ERP and performance for the age groups as suggested by Saliasi et al. 

(2013), the correlations were first run as a group (n=84), and then separately for 

Young, Middle aged and Older adults. 

Bivariate correlations were run between the four ERP amplitudes to consider 

the correlations between the early, middle and late stage ERP amplitudes (Tays et al., 

2008). To implement the PCR technique on the current data set, a non-rotated factor 

analysis was run that found that eigenvalues greater than 1 gave a 2 factor solution. 

As there were a small number of items (four), varimax rotation was used as it 

maximises the dispersion of loadings within factors, thus reducing the likelihood of 

the items loading on the one factor (Abdi, 2003; Rajab et al., 2013). As such, the 

varimax rotated factor analysis was run with the number of factors fixed to two. This 

was done for NP and Stroop separately. The principal component scores were saved 

and used as the predictors in a series of regression analyses. For a more detailed 

understanding of the relationship between the ERP amplitudes and performance 

outcomes, the PCR was initially run with performance expense as the outcome 

measure for NP and Stroop, and then followed up with separate PCRs with RT and 

error rate as the outcome measures on each task. Due to the exploratory nature of this 

analysis, multiple comparisons were not corrected for.  

Results 

Inhibition Performance Outcomes. A one-way ANOVA was used to 

compare the three age groups on the performance expense measures of NP and 
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Stroop. There was no group difference for either NP (F(2,81) = .990, p = .376) or 

Stroop (F(2,81) = 1.31, p = .276) on performance expense scores. 

ERP amplitudes of low and high performers. In line with previous studies, 

differences in amplitude between incongruent and neutral conditions were tested 

separately for the low performers (higher RT and error cost) and high performers 

(lower RT and error cost) using a series of independent samples t-tests. While this has 

previously been reported for the P3 of NP, the same technique was also applied to 

both tasks and also to the early and late ERPs. As this approach was exploratory in 

nature, the multiple comparisons were not corrected for.  

During the NP task, the mean amplitude of the P3 was significantly different 

between the neutral and incongruent trials for low performers, but there was no 

difference between the conditions for high performers (see Table 29). Similarly, 

during the Stroop task the amplitude at AF7 was significantly different between the 

neutral and incongruent trials for high performers, but there was no difference 

between the conditions for low performers.  
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Table 29 

Paired samples t-test comparing ERP mean amplitudes of neutral and incongruent 

trials separately for high and low performers on NP (n = 42) and Stroop tasks (n = 

42) 

 NP   Stroop  

Comparisons t df p d t df p d 

Low 

Performers 
        

N1  1.66 41 .105 .256 -1.11 41 .275 -.171 

P3  2.87 41 .006* .443 .456 41 .651 .070 

AF7 -.976 41 .335 -.151 -.170 41 .866 -.026 

AF8 .398 41 .692 .061 -.816 41 .419 -.126 

High 

Performers 
        

N1  .895 41 .376 .138 -.171 41 .865 -.026 

P3  .031 41 .975 .005 1.29 41 .202 .200 

AF7 .031 41 .976 .005 2.46 41 .018* .379 

AF8 -2.01 41 .051 -.311 -.910 41 .368 -.140 

 

For low performers, the P3 amplitude was more positive during neutral trials 

(M = 2.47, SD = 1.99) than incongruent trials (M = 2.13, SD = 1.70), while the high 

performers did not show a difference between neutral (M = 1.44, SD = 2.12) and 

incongruent (M = 1.43, SD = 2.13) trials (see Figure 61). 
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Figure 61. Bar graph showing reduced P3 positivity during NP for low performers but 

not high performers. Error bars are SEM. 

As seen in Figure 61, the P3 ERP amplitude of the Low performers seemed 

larger to that of the High performers. To test for this, a post-hoc independent samples 

t-test was run on the ERP amplitudes of the NP neutral trials. Where the groups 

differed it was such that the low performing group (high RT and error cost) had a 

larger P3 (M = 2.47, SD = 1.99) than the high performing group (M = 1.44, SD = 

2.12) (t(82) = 2.30, p = .024, d = .502). 

During the Stroop task, the mean amplitude at AF7 was more negative during 

incongruent trials (M = -.821, SD = 4.68) than neutral trials (M = -.312, SD = 4.35) for 

high performers, but there was no difference between the conditions for the low 

performers (incongruent: M = -.025, SD = 3.93, neutral: M = -.058, SD = 3.67) (see 

Figure 62).  
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Figure 62. Bar graph showing increased AF7 negativity for incongruent trials of the 

Stroop task for high performers but not low performers. Error bars are SEM. 

Relationship between ERP amplitude and performance outcomes. To test 

for significant relationships between ERP amplitudes and performance outcomes, 

correlations were run between the amplitudes at N1, P3, AF7 and AF8 and the 

performance expense score for both NP and Stroop (see Table 30). When using all 

participants, there was a significant relationship between P3 and NP performance 

expense such that a greater P3 was associated with a higher performance expense 

score, reflecting greater RT and error cost. Considering this relationship separately for 

the three age groups suggested that although no longer significant, the correlation 

coefficient was stronger for the Older adults than for either Young or Middle aged 

adults.  

There was an opposing relationship that neared significance between AF8 

positivity and NP performance for Young and Older adults. For Young adults, a larger 

AF8 positivity was associated with worse performance with larger RT and error cost, 

but for Older adults a larger AF8 positivity was associated with better performance, 

with smaller RT and error cost. 
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Table 30 

Correlations between ERP measures (N1, P3, FP600) and performance expense for 

all participants (N = 84), and Young adults (n = 38), Middle aged adults (n = 23) and 

Older adults (n = 23) separately. 

 N1 P3 AF7 AF8 

ALL     

NP r = -.049, p = .661 r = .237, p = .030 r = .084, p = .449 r = .131, p = .234 

Stroop r = -.082, p = .456 r = -.073, p = .511 r = -.036, p = .734 r = -.112, p = .311 

YOUNG     

NP r = .093, p = .579 r = .179, p = .283 r = .286, p = .082 r = .321, p = .049 

Stroop r = -.119, p = .477 r = -.049, p = .771 r = .171, p = .304 r = .135, p = .420 

MIDDLE     

NP r = .106, p = .630 r = .139, p = .528 r = .036, p = .869 r = .168, p = .444 

Stroop r = -.202, p = .353 r = .171, p = .436 r = -.240, p = .270 r = -.142, p = .519 

OLDER     

NP r = -.190, p = .386 r = .389, p = .067 r = -.033, p = .883 r = .027, p = .903 

Stroop r = -.222, p = .308 r = -.237, p = .276 r = -.293, p = .176 r = -.408, p = .054 

 

Relationship between ERP peaks. Correlations between the mean 

amplitudes of N1, P3, AF7 and AF8 are displayed in Table 31 for NP and Stroop. For 

both tasks N1 and P3 were negatively correlated such that a decrease in N1 negativity 

was associated with an increase in P3 positivity. During the NP task, N1 was also 

correlated with the right hemisphere FP600 peak such that a larger N1 negativity was 

associated with a larger positivity at AF8. During the Stroop task, both N1 and P3 
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were correlated with the amplitude at AF7. A larger N1 negativity was associated 

with a larger negativity at AF7, and a larger P3 positivity was associated with a 

smaller negativity at AF7. 

Table 31 

Correlations between early, middle and late ERP mean amplitudes for all 

participants (N = 84) 

 P3 FP600 Left (AF7) FP600 Right (AF8) 

Negative Priming     

N1 r = -.319, p = .003 r = -.202, p = .066 r = .237, p = .030 

P3  r = -.069, p = .532 r = -.067, p = .545 

Stroop      

N1 r = -.288, p = .008 r = .365, p = .001 r = -.076, p = .495 

P3  r = -.455, p < .001 r = .006, p = .960 

 

Relationship between multiple ERP peaks and performance outcomes. 

Principal components regression analysis was used to consider the possible 

interaction of the ERP peaks and their relationship with performance outcomes. There 

were two underlying principal components on the NP task (see Table 32). PC1 was a 

combination of greater AF7 negativity and AF8 positivity. That is, those people with 

high PC1 score were more lateralised for the FP600 with a right hemisphere positivity 

and left hemisphere negativity, while a low PC1 score suggests a low left negativity 

and low right positivity. PC2 of NP was a combination of greater N1 and reduced P3. 

That is, those with greater PC2 score had large N1 negativity and small P3 positivity. 

Conversely, a low PC2 score reflects a small N1 negativity and large P3 positivity.  
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Table 32 

Factor loadings based on a principle components analysis with varimax rotation 

for the ERP measures of the NP task for all participants (N = 84) 

ERP   PC1 PC2 

N1  .245 .744 

P3  .054 -.851 

AF7  .859 .013 

AF8  .823 .161 

 

Participant’s scores on these principal components were then used as predictor 

variables for multiple regression analyses. Three regressions were run for each task, 

one for each of the three performance outcome measures: performance expense score, 

RT and error inhibition effect. There was a trend such that greater PC2 was associated 

with reduced performance expense for NP (see Table 33). With the additional 

regression analyses for RT and error inhibition cost, this relationship was seen to be 

specific to RT. There was a negative relationship between PC2 and NP RT cost, such 

that an increase in PC2 (increased N1 and decreased P3) was associated with a 

decrease in RT cost of NP.  
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Table 33 

Multiple Linear Regression Model for prediction of ERP principal components on 

Inhibition performance outcomes for the NP Task (N = 84) 

 B SE B β t p 

PE      

PC 1 .116 .078 .160 1.49 .140 

PC 2 -.145 .078 -.200 -1.86 .066 

R/R2 .256/.066 

F 2.85 (p = .064) 

RT      

PC 1 .193 .106 .193 1.82 .073 

PC 2 -.226 .106 -.226 -2.13 .036 

R2/ΔR2 .297/.088 

F 3.93 (p = .024) 

ER      

PC 1 .039 .111 .039 .353 .725 

PC 2 -.064 .111 -.064 -.575 .567 

R2/ΔR2 .075/.006 

F .227 (p = .797) 

N.B. PE = Performance Expense. RT = Reaction Time. ER = Error Rate. 

 

Scatterplots of the principal components and the RT inhibition cost were run 

and the data points were identified by age group (see Figure 63 and Figure 64). Fit 

lines at subgroups were drawn to consider age-related differences in the relationship 
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between ERP and performance as was seen in Saliasi et al. (2013). Due to the low 

numbers of participants in each age group, regressions were not able to be run 

separately for each age group.  

PC1 was not a significant contributor to RT inhibition cost at the whole group 

level, but the relationship was stronger for Young adults than either Middle aged or 

Older adults with a higher PC1 score (more lateralised FP600) being associated with 

larger RT inhibition cost (see Figure 63). While the relationship between PC2 and NP 

RT inhibition cost was significant at the whole group level (see Table 33), this 

relationship was stronger for Older adults than Young or Middle aged adults.  

  

Figure 63. Scatterplots of the principal components and RT inhibition cost of NP  

There were also two underlying factors on the Stroop task (see Table 34). A 

high PC1 score of Stroop represents those with large N1 negativity and a small P3 

positivity, and a low PC1 score reflects a small N1 negativity and large P3 positivity. 

The activity of AF7 also loaded onto the PC1 score such that a greater PC1 score 

reflects a larger negativity at AF7. The Stroop PC2 score represents those with 

increased AF7 negativity and AF8 positivity, or a more lateralised activity.  
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Table 34 

Factor loadings based on a principle components analysis with varimax rotation 

for the ERP measures of the Stroop task for all participants (N = 84) 

ERP   PC1 PC2 

N1  .764 .045 

P3  -.802 -.076 

AF7  .559 .707 

AF8  -.066 .951 

 

As was the case with correlations between ERPs and performance on the 

Stroop task (see Table 30 above), there were no significant relationship between the 

PCs and the performance outcomes on the Stroop task (all ps > .381) (see Table 35).  
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Table 35 

Multiple Linear Regression Model for prediction of ERP principal components 

on Inhibition performance outcomes for the Stroop Task (N = 84) 

  B SE B β t p 

PE       

PC 1  .012 .082 .017 .152 .880 

PC 2  -.072 .082 -.097 -.881 .381 

R/R2  .099/.010 

F  .399 (p = .672) 

RT       

PC 1  -.018 .111 -.018 -.161 .872 

PC 2  -.068 .111 -.068 -.616 .540 

R2/ΔR2  .071/.005 

F  .202 (p = .817) 

ER       

PC 1  .043 .111 .043 .386 .701 

PC 2  -.076 .111 -.076 -.684 .496 

R2/ΔR2  .087/.008 

F  .308 (p = .736) 

N.B. PE = Performance Expense. RT = Reaction Time. ER = Error Rate. 

 

While there was no significant relationship between the PC scores and 

performance outcomes at the whole group level, age group differences were 

considered with reference to the scatterplots (see Figure 64). For the Stroop task, 
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increased N1 and decreased P3 (PC1) may be particularly related to improved 

performance outcome for Middle aged adults. It is also possible that the relationship 

between PC2 and Stroop performance is conversely related for Young and Older 

adults. For example, while the increased lateralisation of FP600 (PC2) is related to 

improved performance for Middle aged adults, a decreased lateralisation may be 

related to improved performance in Young adults. 

  

Figure 64. Scatterplots of the principal components and RT inhibition cost of Stroop 

Discussion 

Study 6 was designed to investigate the relationship between early, middle and 

late stage ERPs on behavioural performance of the automatic and controlled cognitive 

inhibition tasks. As expected, and in line with previous studies (viz. Frings & Groh-

Bordin, 2007; Gibbons, 2009; Jongen & Jonkman, 2008; Lansbergen & Kenemans, 

2008), low performers, or those that showed an increased RT and error cost of 

inhibitory control, had a decrease in P3 from neutral to incongruent trials where there 

was no difference between the conditions for high performers (see Table 29 and 

Figure 61). Interestingly, by comparing the NP P3 amplitude directly between the 

groups it was shown that high performers had a smaller P3 than low performers. That 
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is, while low performers show a reduction in amplitude for incongruent trials, their P3 

amplitude remained greater than that of the high performers. It may be that those 

individuals who are visually processing the flanker distractors to a greater extent are 

needing to engage the cognitive processes associated with P3, such as response 

selection, to a greater extent than those who are not visually processing the distracting 

flankers. Interestingly, while Frings and Groh-Bordin (2007) and Gibbons (2009) also 

used NP, this same effect was not apparent for the Stroop task during the P3. There 

was a difference between the neutral and incongruent trials for high performers on the 

left hemisphere of the FP600 (see Figure 62). Perhaps the difference between high 

and low performers of the more complex Stroop task involves later evaluative 

processes rather than mid-latency processing response selection. 

When all participants were used together to consider the correlations between 

the four ERP amplitude measures and performance expense measure, only the P3 was 

correlated with the performance outcome measure on the automatic NP task (see 

Table 30). This was a low-moderate correlation such that a larger P3 was associated 

with greater RT and error cost. When the correlations were run separately for the age 

groups, the relationship between P3 and performance outcome was no longer 

statistically significant but the correlation coefficient was stronger for the Older 

adults. This might indicate a stronger association for this age group but with less 

power due to smaller sample size. This is partially in support of (Saliasi et al., 2013) 

who found that a larger P3 amplitude was associated with impaired performance for 

older adults, but improved performance for young adults on a working memory task. 

In contrast to the current study, Bokura et al. (2005) found that a greater P3 amplitude 

was related to better performance in a sample of older adults on a NoGo inhibition 

task. The difference between these findings may be related to the nature of the tasks. 
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The current findings were related to an automatic NP task, where Bokura et al. (2005) 

used a controlled motor inhibition task, the Go/NoGo task. Interestingly, there were 

no significant relationships between P3 amplitude and Stroop performance in the 

current study. The relationship between the late FP600 and the Stroop performance 

was comparable to that described by Saliasi et al. (2013) in that there was an opposite 

correlation for the Young and Older adults. Specifically, for Young adults an increase 

in AF8 positivity was associated with worse performance, but for Older adults an 

increase in AF8 positivity was associated with better performance nearing 

significance. This may suggest a difference in the evaluative process for the Young 

and Older adults when completing the more complex Stroop task. That is, perhaps 

young adults have increased late frontal activity in response to more errors, where the 

late frontal activity in older adults is reflective of evaluative processes that improve 

their performance.  

There was a significant correlation between the amplitude of the ERP peaks 

such that a larger N1 was associated with a smaller P3 for both tasks (see Table 31). 

A larger N1 was also related to a larger right FP600 positivity for the NP task and a 

greater left FP600 negativity for the Stroop task. A larger P3 was associated with a 

smaller left FP600 negativity in the Stroop task only. It is of interest that there were 

multiple significant correlations between the peaks at the same time as a lack of 

significant correlations between a single ERP peak and performance. These 

contrasting results lend support for the suggestion that it may be a combination of 

cognitive strategies, such as increased visual target processing of the N1 and reduced 

response selection at P3, that is more closely associated with performance outcomes.  

A factor analysis found that the peaks combined within this sample such that 

those who had a large N1 also had a small P3 in both NP and Stroop tasks (see Table 
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32 and Table 33). Another underlying factor held that those who had a greater right 

hemisphere FP600 positivity also had a greater left hemisphere FP600 negativity. 

Conversely, this means that those who had a small right positivity also had a small 

left hemisphere negativity. This pattern of ERP amplitudes was consistent across both 

tasks. The contribution of these relationships to performance outcomes was examined 

using a principal components regression analysis (Table 33 and Table 35). It was 

found that a large N1 negativity and small P3 positivity was a predictor of better 

performance on the NP task with reduced RT cost. That is, a large P3 positivity is not 

necessarily an indicator of superior performance, but perhaps a reflection of different 

processing strategies. That is, those individuals who commit more resources to early 

visual processing of target stimuli then require less processing during the middle 

stages of P3 and response selection. Further, this study suggests that this cognitive 

strategy may indeed lead to better performance outcomes during automatic tasks such 

as NP. This may be further due to the flanker design of this task and therefore the 

potential for targeted visual processing to minimise the influence of the distracting 

elements. 

The relationship between ERP and performance was not significant for the 

Stroop task. It was found that the amplitude of N1, P3 and the left hemisphere of the 

FP600 peak were related with each other, but these neither individually (Table 31), 

nor as a combined factorial component (Table 35), were related to performance 

outcomes. Perhaps with greater complexity involved in the controlled Stroop task, the 

effectiveness of any cognitive approach is less definite. Alternatively, the 

combinations represent alternative, but equal strategies. That is, the small P3 and 

large N1 is not deficient, nor more efficient in the context of the Stroop task. 

Alternatively, as seen in Saliasi et al. (2013), the null findings may reflect conflicting 
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relationships for the age groups within the whole sample. For example, the 

scatterplots that illustrate the relationships separately for the age groups suggest that 

the relationship between a lateralised FP600 (PC1) and performance on the NP task 

was stronger for Young adults than either Middle aged or Older adults, while the 

relationship between increased N1 and decreased P3 (PC2) and performance 

outcomes was stronger for Older adults than Young or Middle aged adults (see Figure 

63). For the Stroop task, increased N1 and decreased P3 (PC1) may be particularly 

related to improved performance outcome for Middle aged adults. It is also possible 

that the relationship between a more lateralised FP600 (PC2) and Stroop performance 

is conversely related for Young and Older adults (see Figure 64). For example, while 

the increased lateralisation of FP600 was related to improved performance for Middle 

aged adults, increased lateralisation was related to impaired performance in Young 

adults.  

In summary, the results of the current study suggest that a combination of a 

small P3 is associated with a large N1, and may actually predict reduced RT cost in an 

automatic, flanker inhibition task. Those who performed more poorly on the NP task 

were found to have a larger P3 amplitude than those who performed with less RT and 

error cost. Interestingly, ERP activity during the Stroop task was less differentiated 

and not related to performance outcome.   
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Chapter 10: General Discussion 

The current thesis was designed to consider ageing effects on behavioural 

performance and neural processing of an automatic and controlled cognitive 

inhibition task. Both behavioural and EEG data were used to test the application of 

neurocognitive theories of ageing to cognitive inhibition, as well as the application of 

theories of cognitive inhibition to age-related differences. A consideration of the 

theoretical application of the findings is offered below. 

The current thesis is one of few studies to directly compare controlled and 

automatic cognitive inhibition across age groups. To my knowledge, it is the first to 

do so using methodology that extends beyond behavioural data by using 

neurophysiological measures. Further, this thesis extends the traditional age-related 

comparisons from the dyadic split of young versus older adults, to include an 

intermediary age group of Middle-aged adults. Lastly, this thesis uses a number of 

novel analytical approaches extending the use of EEG data from the customary ERP 

analysis of a limited time frame at a limited number of sites.  

Neurocognitive Theories of Ageing 

The Cognitive Inhibition Deficit theory introduced by Hasher and Zacks 

(1988) suggests that older adults are impaired in cognitive inhibition, and it is this 

impairment that results in declines in other measures of executive functioning and 

everyday cognitive tasks (see Section 3.2.4). Another theory, the Dedifferentiation 

Theory, suggests that processing of a range of tasks become less differentiated with 

age (see Section 3.2.2). It is important to understand the underlying basis for such 

theories, as the global population is increasingly comprised of greater proportions of 

older adults. Our workforce will need to cater to a larger number of older adults who 

had previously been of ‘retirement age’. The ability for older adults to remain 
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functionally independent is a personal, social and economic concern. Where there are 

changes to the way the brain processes incoming information, a number of social 

aspects (e.g., workplaces, public facilities and services, etc.) would do well to cater to 

this change.  

The findings of this thesis overall lend support to the Dedifferentiation Theory 

of Ageing. Importantly, the findings for the neural activity of the underlying task, 

represented by the neutral and incongruent trials, has a different implication to this 

theory than does the additional inhibitory control, or the inhibition effect represented 

by the difference waveform. Comparing the ERP grand averages of the neutral and 

incongruent trials, supports the notion that there is an increased reliance on controlled 

processing for automatic tasks. That is, young adults are different between NP and 

Stroop while the middle and older adults become progressively less distinct (Studies 1 

and 2). Further, where the age groups differ, it is more so on NP than Stroop (Table 

10 and Figure 36). This suggests that the processing of NP becomes more like that of 

Stroop in older adults. That is, automatic processing becomes more similar to 

controlled processing.  

The additional activity required for inhibitory control, represented by the 

difference waveform, also becomes less distinct across the age groups. However, in 

this case, the inhibition effect of Stroop becomes more like that of NP in older adults. 

This suggests that the additional inhibitory component reflect a tendency towards 

reduced, automatic processing with age. If this is the case, it may be that the 

additional required activity for controlled cognitive inhibition is not available in older 

adults, supporting the Cognitive Inhibition Deficit theory. It may be that older adults 

lack the additional capacity required to overcome conscious distractions, and as such 

find the maintenance of task set more difficult due to unnecessary processing of 
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distracting information. This is supported by previous empirical data where older 

adults have shown greater ERP activation to irrelevant distractors than young adults 

(Vallesi et al., 2009).  

Although Middle aged and Older adults showed greater RT cost on Stroop 

compared to Young adults, when both RT and error were combined to create a 

‘performance expense’ score, there was no difference between the age groups. That is, 

when both speed and accuracy are accounted for, older adults do not show a 

behavioural deficit in inhibitory control, suggesting a shift in cognitive strategy with 

age that tends towards slower responses with a greater emphasis on accuracy. As 

such, the Cognitive Inhibition Deficit theory is not supported by the current sample. It 

is important to temper this with the fact that our older adults were highly functioning 

individuals. This is discussed further below, however, it might be that the Cognitive 

Inhibition Deficit theory was not supported in the current data due to the selective 

sample used.  With this in mind, perhaps the reduced peak for the Stroop inhibition 

effect seen in Older adults is not reflective of a lack of available resources, but is 

reflective of an alternate cognitive strategy and therefore less effort required. That is, 

while there was no discernable inhibition effect peak for Older adults, but there was  

for Young and Middle adults, the older adults were not worse in behavioural 

performance. If the lack of additional activity meant that there was not the cognitive 

resources available then the performance should suffer. This pattern would support 

the CID theory. Using just RT data, this is the case. However, using both RT and 

error rate suggests that there was no difference between the groups on performance 

expense. Perhaps the way that the Older adults approach the fundamental aspects of 

the task meant not only that the P3 was less necessary (Study 6) but also that the 

additional acitivity for the inhibition effect (difference waveform) was less necessary. 



AGEING, INHIBITION and ERPs 230 

 

Further, while source analsysis found that all ages were using a greater range of brain 

regions during the NP task than the Stroop task, this was also the case for Older adults 

during the Stroop inhibition effect. This might suggest that the additional recruitment 

represents compensatory mechanisms, reflecting an impaired system (as there was no 

improvement in performance), OR, the wider spread of activity might reflect a more 

automatic-like processing for the Stroop task with diverse spread of areas used… If 

this is the case then the CID theory was not supported in the current sample. 

In summary, when using RT data, the behavioural findings of this thesis 

supported the automatic-preserved, controlled-impaired description. However, 

combining RT and error rate nullify that and suggest that there is not increased 

inhibition cost in older adults, but instead a shift in strategy that results in less errors 

and longer RTs than Young adults, even in the additional or difference data. The ERP 

data of the fundamental processing of the tasks, as represented by the neutral and 

incongruent trials, suggests that the older adults are processing the automatic task in a 

way that is more like controlled processing, indicating an increased reliance on 

controlled processing. The additional activity unique to the need to inhibit, 

represented by the difference activity, suggested that the inhibitory control of the two 

tasks became more automatic with age, perhaps reflecting a limited capacity for 

additional control or an alternative strategy and less need for additional recruitment.  

Theories of Cognitive Inhibition 

The current thesis was based on the controlled versus automatic theoretical 

model of cognitive inhibition. In one of the few studies to have compared multiple 

tasks of automatic and controlled cognitive inhibition between young and older 

adults, Collette et al. (2009) suggested that an automatic versus controlled split is 

specific to older adults. This was based on behavioural data where they found that 
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young adults did not show a clear delineation between the performance on three 

automatic tasks and the performance on three controlled tasks, while the older adults 

did. Although the current thesis used only one task for each type of cognitive 

inhibition (instead of three) to represent automatic and controlled inhibition, the RT 

data supported the previous studies stating that automatic is preserved and controlled 

is impaired (page 137 and Table 12). However, when performance was calculated by 

considering both RT and error rate by the ‘performance expense’ measure, group 

differences were no longer apparent (page 207). This approach is not often used, even 

in purely behavioural studies. This is important because increased consideration and 

reporting of the combined performance effect might influence future development of 

theories of ageing. For the current thesis, RT data support the notion that automatic 

performance is preserved while controlled performance is impaired, but the combined 

RT/error rate data suggest that there is no such distinction. One of the advantages of 

the current thesis was the inclusion of EEG data. 

The EEG data also supported a controlled versus automatic distinction, 

however the results were in direct conflict to that reported by Collette et al. (2009). 

That is, young adults showed greatest differences in the processing of automatic and 

controlled cognitive inhibition and older adults showed indistinguishable activity 

between the automatic and controlled cognitive inhibition tasks (Studies 1 and 2). It 

may be that behavioural data, as was used in Collette et al. (2009), is not sensitive 

enough to detect differences in the underlying processing of automatic and controlled 

cognitive inhibition. Indeed, ERP studies have consistently demonstrated group 

differences in cognitive processing where behavioural differences between groups or 

conditions are not apparent (Alain et al., 2004; Roche et al., 2005).  
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The ERP of the difference waveform was not different between the age groups 

for NP but there were age-related differences for Stroop. This suggests that these two 

processes are differentially affected by age. This means that the current thesis does 

not support the construct of a single underlying cognitive control component (Goghari 

& MacDonald, 2009; Mao & Wang, 2008), but does support a distinction in the 

neural activity required for the inhibition of NP and Stroop. Comparing the age 

groups on the difference waveforms supported the RT data. That is, the automatic 

cognitive inhibition was preserved with age, as there were no differences between the 

age groups, but the controlled cognitive inhibition was affected by age (Figure 39 and 

Figure 40). This change in neural activity was associated with no group differences in 

performance outcomes when using the performance expense score. This suggests a 

shift in strategy such that older adults forego some RT speed for greater accuracy, 

similar to a speed accuracy trade-off. That is, the way the controlled cognitive 

inhibition is processed by the age groups reflect two different, but equally successful, 

approaches.  

There is further evidence of a controlled versus automatic distinction of 

cognitive inhibition with the source activity of the difference waveform. In particular, 

there were more brain areas mentioned in the top three sources across the four time 

windows of NP than there were for Stroop, and this was the case for all three age 

groups (Study 4; Table 14 to Table 21). This may be a reflection of the tendency for 

automatic processing to use a wider, more disperse spread of neural activity, where 

controlled processing is associated with more specific, focal activity (see Section 2.3). 

If increased spread of activity reflects automatic processing, then EEG source analysis 

of this sample suggests that the additional activity required for inhibitory control 

retains the automatic versus controlled distinction for all age groups.  
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As such, the findings of the current thesis support a distinction between NP 

and Stroop cognitive inhibition. The findings may support a functional distinction 

(e.g. inhibition of semantics vs. inhibition of flanker stimuli) or a distinction based on 

awareness (unaware automatic vs. aware controlled). It is only with multiple tasks on 

each category that such a clarification can be made.  

As outlined in Section 2.6.3 and Section 3.4.1, there are a number of ERP 

components that are commonly investigated within ERP studies of cognitive 

inhibition such as P2, N2 and MFN components. These, and others, were not 

considered in the analyses of the current thesis as the intention and indeed 

overarching focus of the thesis was to consider age-related changes to brain activity, 

as represented by ERPs, during cognitive inhibition; not on understanding ERPs of 

cognitive inhibition in three age groups. The particular interest was to consider 

whether there is a difference between the age groups in cognitive approach as 

reflected by ERPs across the 1000ms time window that is commonly used in ERP 

research. As such, a very early (N1), middle (P3) and late (FP600) ERP component 

was used. That is, the alternative ERP components are not intentionally excluded but 

simply do not suit this purpose. 

Contribution of Each Study 

Study 1. The first study of this thesis was designed to directly compare neural 

processing of an automatic (NP) and controlled (Stroop) cognitive inhibition task 

within healthy young adults. As expected, the additional cost associated with the need 

to inhibit, calculated by subtracting neutral from incongruent data, was greater for 

Stroop than NP. That is, the level of cognitive inhibition was more taxing for the 

controlled inhibition than the automatic, resulting in greater additional time to 

respond to incongruent trials. Using grand average ERPs, the difference waveform 
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illustrated a clear additional positivity over centro-parietal sites from 250-350ms for 

the Stroop task that was not present during the NP task. 

Comparing tasks on the ERPs of the underlying activity associated with the 

tasks, as reflected by the neutral and incongruent trials, found there was a greater N1 

negativity during the NP than Stroop task. This might reflect the association between 

the N1 and increased target visual processing. Due to the flanker design of NP, such 

visual processing might be more explicitly required during the NP than the Stroop 

task. As predicted, the P3 was reduced in the Stroop compared to the NP, possibly 

due to the increased complexity of the Stroop task requirements compared to the NP 

task. The later evaluative FP600 was greater in Stroop and more lateralised during 

incongruent trials, again possibly reflecting the greater complexity of the Stroop 

compared to the NP task. From this study it seems that the distinction of automatic 

and controlled cognitive inhibition is supported by both the performance and 

processing data in young adults.  

Study 2. The second study replicated Study 1 in middle aged and older adults 

to clarify differences between the two levels of inhibition in older age groups. Study 2 

found that the additional time associated with the need to inhibit, the inhibition effect, 

was greater for Stroop than NP and this difference between the tasks was larger in 

Older adults than Middle aged adults. The additional activity required to successfully 

inhibit presented a discernable additional peak for controlled cognitive inhibition but 

not automatic cognitive inhibition for Middle aged adults (Figure 28), where there 

was no discernable peak for either task for older adults (Figure 33). During the neutral 

and incongruent trials, the N1, P3 and FP600 were not different between the tasks for 

both Middle aged and Older adults. This suggests that the fundamental task 

requirements of the automatic and controlled tasks used indistinguishable neural 
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processing for both Middle aged and Older adults, where there was additional activity 

during Stroop but not NP for Middle aged adults only.  

Study 3. The third study was designed to compare the neural processing of NP 

and Stroop between the three age groups to isolate age-related differences in 

performance and processing of an automatic and controlled cognitive inhibition task. 

Study 3 found that additional time associated with the need to inhibit was larger for 

both of the older age groups compared to the Young adults. Inspection of the ERP 

difference waveform suggests that the groups are most similar on the processing of 

automatic cognitive inhibition, where there were group differences on the controlled 

cognitive inhibition (Figure 39). As there was no difference between the NP and 

Stroop inhibition effect in Older adults (Study 2), it seems that the additional activity 

associated with controlled cognitive inhibition becomes more automatic with age. 

As expected, the amplitude of the P3 was reduced with age such that it was 

barely discernable for older adults (Figure 35). Previous research has been limited to a 

young versus old dyadic comparison. By having the third age group, it was seen that 

the P3 of the NP task was progressive reduced across the three age groups, while the 

P3 for the Stroop task was significantly reduced for the Older adults compared to the 

Middle aged adults and Young adults. The difference between the age groups was 

larger for NP than Stroop (Figure 36) suggesting that the groups were more similar on 

the controlled than automatic task. Considering the early and late stage processing, 

Middle aged and Older adults had increased N1 compared to Young adults, and 

FP600 was more lateralised in Middle aged and Older adults than Young adults. By 

having a larger N1, it could mean that older adults are devoting more resources to 

early target visual processes compared to young adults. It might be that the flanker 

design of the NP task makes the contribution of the N1 most effective. If older adults 
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are committing more neural resources to visual target processing, this may explain 

why some studies have found that older adults do not demonstrate a significant 

inhibition effect for NP (e.g., Kramer & Strayer, 2001).  

In summary, for the P3, the age groups were more similar on processing of the 

neutral trials of Stroop compared to NP, suggesting support for increased reliance on 

controlled processing for automatic tasks. However, when looking at the difference 

waveform, the groups are most similar on the automatic task suggesting that 

additional activity associated with inhibitory control becomes more automatic with 

age.  

Study 4. Older adults are often reported to have a reduced ERP amplitude for 

mid-latency peaks and the functional significance of this is often interpreted to reflect 

impaired neural processing. The remaining studies of this thesis were designed to 

consider alternative explanations for the reduced P3 amplitude seen in Study 3. One 

possible explanation is that while there may be a reduction in the activity at a 

particular electrode location (e.g., P5 and P6 for the P3 ERP, or Cz, CPz, Pz for the 

inhibition effect peak), there may be an increase in activity at an alternative location. 

The fourth study used source analysis to consider whether a reduction in ERP 

amplitude of the inhibition effect (at electrodes Cz, CPz, Pz) might be due to a shift in 

location of activity. Across all three age groups, the predominant sources of activity 

of the inhibition effect for Stroop were located in the cerebellum and ACC/MFG, 

where the sources of the inhibition effect of NP were located in these regions as well 

as in the temporal lobe, inferior parietal lobe and the parahippocampal gyrus of the 

limbic lobe. Specifically, while older adults had a reduced ERP at Cz, CPz and Pz, 

during 250-350ms for the Stroop task (see Figure 40), they had the largest top source 

strength of activity (see Figure 50). The activity was in similar brain regions to those 
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that were active in the Young adults. It may be that the particular cortical region that 

was active in Older adults was orientated such that it was not detected with the 

particular electrodes used (Cz, CPz, Pz). For example, while all three age groups had 

activity in the posterior lobe of the cerebellum, the activity of the Young adults was 

more superior (with a z coordinate of -32) than that of the Middle aged and Older 

adults (with a z coordinate of -39) (see Table 18). Similarly, in the same time frame, 

the pre-frontal activity of Young adults show was located in the ACC (with a y 

coordinate of 46), while the pre-frontal activity of Middle aged and Older adults was 

located in the MFG (with a y coordinate of 53) meaning that it was more anterior for 

older than young adults. These findings suggest that shifts in location and orientation 

might contribute to the differences in amplitude seen at particular sites. 

These findings also support the notion that while older adults may show a 

reduced ERP amplitude over centro-parietal regions, they do not necessarily have an 

overall reduced neural activity, and in this case, had greater strength of activity than 

the two younger age groups. Further, the findings of this study suggests that group 

differences that are restricted to comparing activity at particular locations may only 

provide a restricted comparison of neural activity. Source analysis is one technique 

that utilises the data from all available electrodes to compare groups or conditions.  

Study 5. Another factor that might contribute to a reduced P3 in older adults 

might be a result of the averaging technique of ERP analysis. That is, where there is 

greater intra- and/or inter-individual variability in amplitude at each time point, the 

averaging technique would produce a longer, lower waveform. The fifth study used a 

range of variability measures to test whether an increase in variability could account 

for reduced P3 amplitude seen in the Older adults. While there is a strong literature 

base that states that older adults are more variable than young adults, both between 
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and within individuals, the results from Study 5 suggested that this was not the case 

for the participants in our study. Older adults were not more variable than young 

adults in performance (RT) (Table 23) or processing (EEG)(Table 26). Further, there 

was no relationship between EEG-IIV and EEG mean amplitude (Table 27). As such, 

Study 5 showed that an expected increase in IIV was not able to explain the reduced 

P3 seen in Study 3. It is possible that this is due to the relatively restricted sample 

used in this study. The literature of IIV usually has larger samples that include 

accessing less able participants than those that volunteered for the current study. This 

study had fewer participants (46 older adults), but perhaps more importantly, the 

sample were relatively high functioning (p. 106). If this study was based on a sample 

of high functioning older adults, rather than a more representative sample of the 

general population, then the findings of this thesis might reflect neural changes 

associated specifically with successful cognitive ageing rather than a broader 

definition of healthy cognitive ageing. At the very least, the findings of this study 

demonstrate that there are other factors that may contribute to reduced ERP amplitude 

where increased variability does not.  

Study 6. The final study used a number of statistical analyses to consider 

whether a reduced P3 amplitude might reflect an alternative use of cognitive 

resources, as represented by the early, middle and later ERPs, for the processing of 

the cognitive inhibition tasks, NP and Stroop. Study 6 showed that rather than the 

reduced P3 reflecting a decrease in performance, a reduced P3 was associated with 

better performance outcomes (Table 30 and Figure 61). Importantly, a reduced P3 

was associated with an increased N1 for all age groups on both tasks (Table 31). This 

combination was predictive of reduced RT inhibition cost for the automatic task 

(Table 33). That is, the findings of this study suggest that a combination of a greater 
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N1 and smaller P3 is reflective of more efficient, rather than deficient processing. For 

the Stroop task, the amplitude of the underlying ERPs (N1/P3 and later FP600) were 

different between the age groups (as seen in Study 3), but these combinations were 

not related to inhibitory cost in performance (Table 35). This again reflects alternate 

approaches that achieve the same outcome.  

It was important to consider that the relationship between the ERP 

combinations and the performance outcomes might have opposing directions for 

young and older adults as previous research had shown contradictory relationships 

between ERP measures and performance outcomes for young and older adults (viz. 

Saliasi et al., 2013). To consider this, scatterplots were used to illustrate the 

relationships between the combined ERP peaks and performance outcomes separately 

for the three age groups (Figure 63 and Figure 64). Although there was not a large 

enough sample size to test these relationships directly, the scatterplots suggested that 

an increase in lateralised FP600 might be associated with poorer performance for 

Young adults but not Middle aged and Older adults. This was the case for both 

automatic and controlled cognitive inhibition tasks. For the Middle aged and Older 

adults, a greater lateralisation might be associated with improved performance for 

controlled cognitive inhibition in particular. A large N1 and small P3 might be 

associated with improved performance on controlled cognitive inhibition for Middle 

aged adults in particular, while all age groups saw a small relationship between this 

combination and improved performance for automatic cognitive inhibition. 

Limitations and Future Directions 

Limitations of self-selecting older adults. As with all laboratory based 

research, there was presumably a selection bias for those people who are willing and 

able to come to a strange place, to participate in strange activities and arrive at the 
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university laboratory. The older adults who came to participate in this research are 

likely to be of a higher functional independence state than other older community 

members. This is an omnipresent limitation that will exist in all research that is based 

in a laboratory. This group was high functioning as indicated on the functional 

independence measure (ALSAR) and that there was no age-related difference in intra-

individual variability (IIV). Larger, community based ageing studies have found that 

older adults have increased IIV compared to young adults and that this variability is 

associated with cognitive decline. The fact that the older adults of the current sample 

did not present with greater IIV than the young adults, could also suggest that the 

particular sample of older adults that participated in this research may be higher 

functioning older adults than is representative of the general population. If this is the 

case, the current study may not represent general ageing in the community but instead 

represents successful cognitive and brain ageing. Regardless of the potential selection 

bias, the current thesis is one of few studies to directly compare controlled and 

automatic cognitive inhibition within an older population using more than just 

behavioural data. It is the first to my knowledge that uses neurophysiological 

measures to compare brain activity across multiple cognitive inhibition tasks.  

Limitations due to response requirements. Visual presentation, cognitive 

and response requirements of the two tasks were designed to be as similar as possible 

to isolate the effect of awareness between the automatic and controlled version of 

cognitive inhibition. Theoretically, the automatic task should be responded to faster 

and easier than the controlled task. However, RT to neutral trials were longer for NP 

than Stroop for all three age groups, contrary to expectations (Table 9). It is possible 

that the responses to the keypad might have been more intuitive for the colour buttons 

assigned to the Stroop task than the letter buttons assigned to the NP task (see Figure 
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9). It is worth nothing that a lengthy practice time was provided to maximise the 

cognitive mapping that participants could establish for both tasks. While the response 

requirements may have had an influence on the neutral trials, the additional cost of the 

need to inhibit does not seem to have been affected by this difference, as the 

automatic inhibition effect was significantly less than the controlled inhibition effect 

as expected (Table 12). Further development of paradigms that are able to present 

both automatic and controlled inhibition with even better alignment of stimuli and 

response requirements would benefit this field. 

Limitations due to study design. The purpose of this study was to directly 

compare the performance and processing of automatic and controlled cognitive 

inhibition across three age groups. Where there is only one task for each type of 

inhibition, the ability to draw conclusions about the type of inhibition is limited as any 

findings could be particular to that specific task rather than to the ‘type’ (automatic or 

controlled) of cognitive inhibition. Future research that uses multiple tasks to 

represent both controlled and automatic cognitive inhibition would be able to 

elucidate the findings outlined here. A paradigm that uses EEG to study the 

processing of multiple tasks for both controlled and automatic cognitive inhibition 

across three age groups, would enable the further development of both theories of 

cognitive inhibition and neurocognitive theories of ageing.  

Further, applying the current paradigm to a wider range of functionally 

independent older adults would allow for the associations between inhibition and 

functional activities to be tested. In particular, application of the Cognitive Inhibition 

Deficit Theory and the application to a wider, more representative sample. 
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Conclusions  

Where there is reduced neural activity such as can be seen in older adults, an 

interpretation is often drawn around a concept of deficiency. Through a series of 

alternative analyses, this thesis has demonstrated that this is not always the case. 

Indeed, a reduced P3 was found in older adults compared young adults as expected, 

however it was not associated with poorer inhibitory performance. Instead, a reduced 

P3 was associated with an increased N1, suggesting that greater cognitive investment 

in early visual processing may reduce the need for mid-latency activity associated 

with response selection. Further, the combination of increased N1 and decreased P3 

was associated with reduced RT cost of automatic NP inhibition, while there was no 

relationship with the controlled Stroop inhibition. This suggests that the two 

approaches of investing differentially in early target visual processing and mid-

latency response selection, result in comparable outcomes for controlled inhibition. 

The improved performance during the NP task may be due to the flanker design of NP 

where an increased N1 is more effective at blocking out the distractions of the task. 

These findings suggest that the reduced P3 seen in older adults may not be an 

indication of deficiency, and may instead be an indication of efficiency in some 

situations. 

Further, where the young and middle aged adults showed an increased ERP 

difference peak over centro-parietal sites, this same peak was absent in older adults. 

This may suggest that there were no additional resources available for the purpose of 

the more difficult inhibitory control. However, source analysis found that by 

extending the analysis of this same data, older adults were most active of the three 

groups. The activity was in the prefrontal region of the MFG, and as such the activity 

was not registered at the particular electrode sites where the young and middle aged 
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adults showed this peak. Again, these findings suggest that a reduced ERP amplitude 

that is often seen in older adults is not necessarily an indication of deficiency, and in 

fact highlight the incompleteness of traditional ERP analyses.  

Young adults were seen to process the automatic and controlled tasks with 

different ERP amplitudes on the three ERP components. Middle and older adults 

demonstrated progressively less differentiation between the tasks. These findings 

support the dedifferentiation theory of ageing and suggest that this is a progressive 

change that continues with age. The use of both the raw data from the neutral and 

incongruent trials, as well as the difference activity between the two, demonstrated 

that the dedifferentiation between the automatic and controlled tasks had opposite 

implications for theory. The fundamental processing of the task, as represented by the 

neutral and incongruent trials, suggested that the older adults are processing the 

automatic task in a way that is more like controlled processing, indicating an 

increased reliance on controlled processing. The additional activity unique to the need 

to inhibit, represented by the difference activity, suggested that the inhibitory control 

of the two tasks became more automatic with age.  

These findings demonstrate the value in extending analyses of EEG data 

beyond traditional ERP comparisons of restricted peaks at restricted locations. That is, 

where older adults showed reduced ERP amplitude of the P3, consideration of 

additional time frames and alternative locations demonstrated that they had increased 

EEG activity at different time and in an alternative location. As the sample of older 

adults were highly functional, using this analysis technique on a wider range of 

community based adults who may be less functionally independent would contribute 

valuable information to our understanding of cognitive and neural ageing in a wider 

spectra of ageing.  
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Appendix A 

 

Griffith Health Institute School of Psychology 

Griffith University Messines Ridge Road 

Mt Gravatt Qld 4122 

 

Ageing and Cognitive Inhibition: An ERP analysis 

RESEARCH TEAM 

Ms Tara Spokes Professor David Shum Dr Tim Cutmore 
PhD Candidate Principal Investigator Principal Investigator 
School of Psychology School of Psychology School of Psychology 
Mt Gravatt Campus Mt Gravatt Campus Mt Gravatt Campus 
3735 3348 3735 3370 3735 3358 
t.spokes@griffith.edu.au d.shum@griffith.edu.au t.cutmore@griffith.edu.au 

 

Should you choose to participate, please remove and 

keep this page for your own reference. 

 
Why is the research being conducted? 
  

This research project is designed to investigate cognitive inhibition performance 

and neural processes. This research is being conducted as a requirement of Tara Spokes’ 

PhD in Psychology. 

 

What you will be asked to do 
  

You will complete this study within the Griffith University cognitive 

neuroscience laboratory on Mt Gravatt campus and your session should take 

approximately 2 hrs.  The overall session will consists of two computer tasks, some 

cognitive ‘games’, one interview section and one questionnaire.  If you are in the age 

bracket of 18-35 yrs you will not complete the interview section.   

You will be connected to the EEG equipment during the two computer games 

only.  A session break will be provided after the EEG cap has been removed, and will 

include some refreshments. 
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The basis by which participants will be selected or screened 
  

Individuals are invited to participate in this research on the basis that they fall 

within one of the following age brackets; 18-35 yrs, 55-70 yrs, or 70+ yrs.  Any 

individuals who are currently on any psychoactive medication or have experienced any 

previous head injury are unable to participate.  A short assessment to verify suitability 

for participation in this study will be conducted with those in the two older adult (55-

70 and 70+) age brackets on the telephone prior to coming to the university. Information 

about this project is being presented to the general community in a number of forms; 

recruitment through participant databases, posters in public access areas and 

community radio/newspaper messages.   

The expected benefits of the research 
 

This research is expected to advance our understanding of neural processes 

involved with cognitive inhibition.  Such information is hoped to improve strategies 

that are aimed at maximising the quality of life and sustained independence experienced 

by older adults.   

Risks to you 
  

The session is expected to take approximately 2 hrs.  As such, a short break with 

refreshments will be provided mid-way to help prevent or reduce fatigue.  If at any time 

you wish to discontinue participation in this research you may do so freely. 

Due to the use of an EEG cap during two of the tasks, there is the extremely 

rare risk of some conditions/infections that can be spread indirectly by contact with 

contaminated surfaces (ie. the EEG cap).  In order to counteract this risk of spread of 

infection, standard safety procedures, such as the sterilisation of any materials that are 

reusable (ie. the electrode cap) are followed.Individuals presenting with (or suspected 

to be presenting with) skin infections or abased scalp skin, will not be fitted with the 

electrode cap.  Importantly, no such case of spread of infection has ever occurred in the 

Griffith University Cognitive Laboratory, where the EEG stage of the experiment will 

be conducted.   

Your confidentiality 
  

Individual participants will not be identifiable in any publication or report 

resulting from this research project. Data collected in this project will be securely stored 

by GriffithUniversity and access to this data will be controlled at all times.  
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Your participation is voluntary 
 

Your participation in this research is entirely voluntary. You are free to 

withdraw your participation at any time during the research without question. 

 

Questions / further information 
 

If you have any questions or would like further information about this research 

project please contact either the principalinvestigator (Professor David Shum; Dr Tim 

Cutmore) or the primary student researcher (Ms Tara Spokes) via the contact details 

provided above. 

 

The ethical conduct of this research 
 

This research is conducted in accordance with the National Statement on Ethical 

Conduct in Human Research. If you have any complaints about the ethical conduct of 

this research project you are advised to contact the Manager, Research Ethics, on 3735 

5585 orresearch-ethics@griffith.edu.au 

 

Feedback to you 
 

There will be no reporting of individual results. An overall and aggregated 

(group level) report of the results will be compiled. If you would like to receive a copy 

of this report please notify Ms Tara Spokes on the contact details provided above.  

 

Privacy Statement 
 

The conduct of this research involves the collection, access and/or use of your 

identified personal information. The information collected is confidential and will not 

be disclosed to third parties without your consent, except to meet government, legal, or 

other regulatory authority requirements. A de-identified copy of this data may be used 

for other research purposes. However, your anonymity will at all times be safeguarded. 

For further information consult the University’s Privacy Plan 

atwww.griffith.edu.au/ua/aa/vc/pp or phone (07) 3735 5585. 
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Appendix B 

 

Griffith Health Institute  

School of Psychology 

Griffith University 

Messines Ridge Road 

Mt Gravatt Qld 4122 

 

CONSENT FORM 

 

Project title: Ageing and Cognitive Inhibition: An ERP analysis 

Researchers: Tara Spokes, Prof. David Shum, Dr. Tim Cutmore, and Ass. Prof. Nancy 

Pachana 

 (Griffith University Human Research Ethics Committee Approval No PSY/11/10/HREC). 

 This research project is designed to investigate changes to cognitive inhibition 

performance as well as neural processes that occur with healthy ageing. In particular, this 

project will investigate any impact this may have on everyday functional independence. 

 By signing below, I agree to participate in the above named project and in so doing 

acknowledge that; 

 I have read the Information Sheet for Volunteers outlining the nature and purpose of the 

project, and have had these details explained to me.   

 I understand that participation in this study involves; 

o The use of an electroencephalograph (EEG) to record my brain activity 

during the completion of two computer tasks   

o Completing an assessment to measure my speed of processing and a short 

interview to measure my everyday functional independence 

o Completing a questionnaire regarding recent mood states 

 I understand that participation in all parts of the study is entirely voluntary and I may 

withdraw from this study at any time without penalty or needing to explain why I wish 

to withdraw. I understand that participation in the study will take approximately 2 hrs. 

 I understand that this project is a partial requirement for the degree of Doctor of 

Philosophy being undertaken by Tara Spokes, in the School of Psychology, Faculty of 

Health Sciences at GriffithUniversity.  

 Any questions I have asked have been answered to my satisfaction.  

 I would like my details kept on a database  so that I can be 

contacted about future research developed from this 

project 

Signed: ...........................................................  Signed: .................................................... 

Name: ............................................................  Name: ..................................................... 

Participant ID: ...............................................  

Date: ..............................................................  Date: ....................................................... 

  Participant      Researcher   
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Appendix C 

Information Pack with Instructions and Directions 

 

Griffith Health Institute  

School of Psychology 

Griffith University 

Messines Ridge Road 

Mt Gravatt Qld 4122 

Dear Marie, 

Thank you for contacting me regarding my research project.  Your EEG session is booked in 

for Wednesday 13th April, at 9.30am.  In case you need to contact me, my mobile is xxx.   

Directions for driving to the university campus are provided below. Please be aware that you 

need to come to the Mt Gravatt campus, not the Nathan campus of Griffith University.  A number of 

people have been caught out by driving to the other campus which is 10 min away.  Once you have 

reached the campus, there is a map on the next page that outlines the directions to the carpark and the 

Visitor car spaces in particular (V in a box with light blue dots leading to it).  At the entrance to the 

carpark there is a boom gate which you will enter your pin number of 4586 and then press the IN 

button. You have been allocated visitor parking bay # 03.   

I can arrange to come and meet you in the carpark or you can use the map to find the building 

(M24; I have coloured it in orange on the map).  You will cross the road and follow the path up a short 

hill to the top of the stairs.  At this point turn left and the M24 building is 100m down the road.   

The testing lab is on Level 4 of the M24 building, room number 4.41. The procedure will take 

approx. 2 hrs, including a refreshment break in the middle (there is a cafe on campus that is nice for 

each of you to go to as the other person is participating).  The cap uses water soluble gel to enable 

recordings, as a result you will have some remaining gel in your hair at the end of the study (some 

people bring a hat to wear afterwards).  It does, however, wash out very easily.  Here is a brief run 

down on what you need you to do to prepare for the session; 

 

Most importantly, have a good sleep the night before.  A tired brain can provide messy readings. 

1. Most importantly, have a good sleep the night before.  A tired brain can provide messy readings. 

2. Please wash your hair the night before. 

3. Please do not use hair 'product' (gel, etc.) on the day of testing. 

4. Please use minimal make-up, particularly foundation on the day of testing.  You will be able to 

apply make up after the completion of the session if you would like to. 

 

Please call me if you have any questions and I look forward to seeing you 

there!   

With Regards, 

Tara SpokesPhD Candidate 

Griffith Health Institute  School of Psychology 

Griffith University Brisbane, Qld   

Tel  07 3735 3348 Email: t.spokes@griffith.edu.au 
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Directions to Griffith University, Mt Gravatt campus 

By Car: 

Mt Gravatt campus can be entered by turning off Gaza Road into Messines Ridge Road.  

This is also the access to the “on ramp” (Klumpp Road) for southbound traffic to join the 

SE Freeway. 

1. When driving southbound on SE Freeway, take the Marshall Road exit (Exit 10), follow 

parallel to the freeway onto Bapaume Road.  Continue on this road passing the Holland 

Park West Busway Station, then the Holland Park State High School.  At the roundabout 

at the end of Bapaume Road, turn right into Gaza Road.  Then turn left at the first set of 

traffic lights into Messines Ridge Road.  Stay in the left lane and turn left following 

Messines Ridge Road into the campus.  (If you fail to take this left turn you will be on 

the on-ramp to the freeway)  

2. When driving northbound on SE Freeway, take the Gaza Road exit (Exit 9), turn right at 

the traffic lights, continue under the freeway, then right at the next traffic lights into 

Messines Ridge Road.  Keep in the left lane and turn left following Messines Ridge Road 

into the campus.  (If you fail to take this left turn you will be on the on-ramp to the 

freeway) 

Once you have entered the campus, turn right at the roundabout and then right again after the 

first pedestrian crossing.  Then immediately on your right again, there is a car park with a 

boom gate entry.  Please enter the pin code I have provided you to enter and park in the 

visitor parking area (marked by the V on the map below). 
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Appendix D 

The Negative Priming (NP) effect has a long history in behavioural research 

and has been consistently shown across a number of stimulus platforms, including 

letters (Andres et al., 2008; Frings & Groh-Bordin, 2007), pictures (de Zubicaray et 

al., 2006) and auditory stimuli (Mayr, Niedeggen, Buchner, & Orgs, 2006). The NP 

effect is quantified by the extent that RTs are delayed to target stimuli that were 

distractors in the previous trial (incongruent condition) compared to the RTs of target 

stimuli that have no relationship to the previous trial (neutral condition). 

Traditionally, a complete NP trial has consisted of a prime-probe pair where the 

condition of the target stimulus of the probe is determined by its relationship to the 

target and distractor stimuli of the previous prime presentation. In the majority of 

studies, participants see a continuous stream of presentations that they are to respond 

to, without distinction between primes and probes.  These presentations are 

subsequently separated into prime and probe at the point of analysis so that the first of 

the pair is the prime and the second is the probe. Only data of probe trials are reported 

and these trials are further separated into the conditions (neutral, congruent, 

incongruent). All prime trials, that is 50% of all presentations, are discarded from 

analyses. 

This process has been adopted in order to maximise the purity of the reported 

NP effect. When an individual is selecting the target of a prime presentation, the 

concurrent distracting information is actively suppressed. This suppression remains 

active over time, at least to the next trial, as this is what gives us the delayed RT. 

However, the longevity of the active suppression is uncertain. That is, if trial A 

influences trial B, then it is possible that it also influences trial C. By analysing only 

B and then D, the influence of A on C is removed, or cleansed, from the reported 



AGEING, INHIBITION and ERPs 252 

 

findings. However, as seen in Figure 65, where the influence of one presentation 

carries over to the second consecutive presentation (in this case from A to C) then 

such an influence is also going to occur from one probe to the next probe (in this case 

from B to D). That is, in the event that one presentation is having an influence on the 

trial that is two down, eliminating the prime presentations from all analyses does not 

remove this influence. As such, traditional analysis of prime-probe pairs is losing half 

of the trials to no real benefit. Some researchers have advocated the need for ensuring 

that the distractor stimuli on each probe is neutral to the target of the following probe, 

to address this very dilemma, however the majority of studies are not following these 

guidelines and continue to analyse prime-probe pairs without neutral distractors on all 

probe presentations. 

 

Figure 65. Diagram of traditional NP analysis 

For this project the NP and Stroop tasks were selected, and then adapted to be 

as similar as possible to each other so that ageing influences on the inhibition effect 

could be compared between the two. To gather the same number of trials in the same 

task length, this study has adopted an alternative analysis approach for the NP task. 
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Rather than pairing the presentations into primes and probes, every presentation is a 

trial that is analysed. The condition that each trial belongs to is determined by the 

preceding trial, as is done in prime-probe pairing. In the diagram above (Figure 65) B 

is primed by A, C is primed by B, and D is primed by C. Each presentation is both a 

probe to be analysed and a prime for the following trial. This consecutive analysis 

approach allows the same number of trials to be collected in the half the time of a 

traditional prime-probe paradigm. 

To demonstrate the stability of the effect, RT data using traditional prime-

probe pairing analysis were compared to the consecutive analysis approach. Mean 

RTs were calculated using every even trial (ie. tradtional probes), as well as every odd 

trial (ie. traditional primes). These were compared to each other using a paired t-test 

to test the hypothesis that there is nothing unique to prime and probe trials. Further, 

the mean RT inhibition effect of both prime trials and probe trials were also compared 

to the consecutive analysis approach using a paired t-test. For all of these analyses, 

the inhibition effect, that is the RT difference between the incongruent and neutral 

trials, was used for all behavioural comparisons. 

When comparing the prime trials to the probe trials, mean RT inhibition effect 

was not different between prime trials and probe trials in young adults (t(40)=0.675, 

p=.504), middle aged adults (t(26)=.937, p=.357), or in older adults (t(23)= -1.74, 

p=.095). Further, there was no difference between the mean RT inhibition effect of 

the consecutive approach compared to either the probe trials (t(40)=-.924, p=.361), or 

the prime trials (t(40)=.214, p=.831) in young adults, the probe trials (t(26)= -.743, 

p=.464), or the prime trials (t(26)=1.114, p=.275) in middle aged adults, or the probe 

trials (t(23)=1.868, p=..075), or the prime trials (t(23)= -1.569, p=.130) in older 
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adults. That is, the same inhibition effect was found in all age groups for prime trials, 

probe trials and these two combined. 

Although NP has a long history in behavioural research, application in ERP 

studies is still relatively new(Gibbons, 2009). The fine temporal resolution of EEG 

data makes it ideal for comparing neural activity associated with processing of a task.  

In this case comparing the ERPs of prime and the probe trialswill provide some idea 

of whether they are processed differentially, despite there being no behavioural 

differences. ERPs of the prime and probe trials cannot be compared to the ERPs of 

the consecutive approach due to the large difference in number of trials. Using BESA 

statistics, activity associated with prime and probe trials of the inhibition effect for the 

full 1000ms was compared across all 64 electrode sites. The two older adults groups 

were combined to form one larger group (N=46, mean age=69.48(7.53), range 55-86 

years) in order to counteract the effects of relatively small sample size, smaller 

number of trials per condition (due to being halved into primes and probes), and 

increased variance that is associated with age. 

As shown in Figure 66, the ERP waveforms of the prime and probe trials did 

not differ at any site across the entire 1000ms for both young adults (p>0.486) and the 

older adults (p>0.219). 
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Figure 66. Grand average ERPs of Prime and Probe trials.  Left: Young adults. Right: 

Older adults. Top: Incongruent trials. Bottom: Inhibition Effect. 

In summary, the inhibition effect that is reported from probe trials is not 

theoretically or behaviourally different from the inhibition effect that is reported from 

the alternate trials (primes) in a continuous presentation paradigm. Importantly, RT 

data suggests that this is the same inhibition effect that you are reporting by taking 

every single consecutive trial. The benefit of using the consecutive analysis approach 

is that the number of trials for each participant is doubled within the same time on 

task. Maximising the number of trials as well as minimising time-on-task is an 

important element of all imaging studies.  Further, minimising time-on-task can be 

important when dealing with patient populations, or any population who might tire 

more quickly.  
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