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Abstract 

Anxiety disorders are among the most common mental illness in the western world with a 

major impact on disability. But their diagnosis has lacked objective biomarkers. McNaughton 

and colleagues previously developed a human EEG anxiety biomarker, goal-conflict-specific-

rhythmicity (GCSR) in the stop signal task (SST). However, their version of the SST had some 

statistical limitations and was not suitable for clinical translation because of the narrow band 

GCSR and frequency shifts between experiments. Our aim was to modify the SST in a way 

that would overcome all the statistical limitations and produce larger amplitude GCSR. Go-

stop (approach-avoidance) conflict in the SST generates rhythmic activity in the right frontal 

area as a result of activation of the behavioural inhibition system. We developed an SST in 

which short and long stop signal delays (SSDs) were controlled by average Go reaction time, 

while intermediate SSDs tracked 50% correct stopping to maximise goal conflict. This new 

procedure provides balanced numbers of trials across delay groups and prevents overlap in 

their values.  Right frontal (F8) GCSR was extracted as the difference in EEG Fourier power 

between matching stop and go trials of a quadratic contrast of the three delay values 

(subtraction of average EEG power of short and long SSDs from the EEG power of 

intermediate SSD). Separate experiments assessed frequency spectrum (with both visual and 

auditory stop stimuli), personality relations, drug sensitivity (both auditory and visual stop 

stimuli) and source localisation. GCSR had a frequency range (4-12Hz) similar to that of rodent 

hippocampal rhythmical slow activity (RSA); correlated significantly with trait anxiety scores 

in initial and later blocks; and was reduced by three chemically distinct anxiolytic drugs in the 

auditory SST (administered double-blind): buspirone (10mg), triazolam (0.25mg), and 

pregabalin (75mg) and two chemically distinct anxiolytics; buspirone (10mg) and triazolam 

(0.25mg) in the visual SST. This anxiolytic drug sensitivity was similar to that of the rodent 

RSA assay from which GCSR was derived. GCSR was located in the medial frontal gyri, right 
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inferior frontal gyri and superior frontal gyri, known to control SST stopping. GCSR, measured 

in our new form of the SST should be suitable as a biomarker for one specific type of anxiety 

disorder in testing of groups of anxiety disorder patients and in the development of measures 

suitable for individual diagnosis. 
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CHAPTER 1. Introduction 

1.1 Anxiety disorders: a problem for human kind and society 

Currently, anxiety disorders are the most common mental health illness – each year affecting 

15% of the entire New Zealand population, 19% of the Maori population (Oakley-Browne, 

Wells, & Scott, 2006), and 14% of the population in Europe (Wittchen et al., 2011). In contrast, 

mood disorders such as depression affect only 8% of the population in New Zealand (Oakley-

Browne et al., 2006) and 6.9% of the population in Europe (Wittchen et al., 2011). Work days 

lost due to mental disorders as a whole are about double those lost to other health issues 

(Oakley-Browne et al., 2006). Mood disorder can mean that people ultimately lose their jobs, 

which in turn affects their family and society (Akil et al., 2010; Oakley-Browne et al., 2006); 

and the impact of anxiety disorders on disability is increasing (Kessler & Greenberg, 2009). In 

the United States, income lost due to psychiatric disorders totals more than $200 billion per 

year (Eaton et al., 2008), where anxiety disorders are contributing highly as more people are 

suffering from these disorders in comparison to other types of mental illness (DuPont et al., 

1996). There are growing numbers of people seeking primary and secondary medical care, 

which is gradually increasing the mental health burden on governments and societies (Somers, 

Goldner, Waraich, & Hsu, 2006). It is very clear that anxiety disorders are a major problem for 

the entire world. So, our duty is to find out ways to battle these disabling disorders sooner than 

later. The first key step in treating any disorder is diagnosis.  The purpose of my thesis is to 

solve the mystery of the diagnosis of anxiety disorders and create a better tomorrow.  

1.2 Problems with the current diagnostic systems 

Anxiety disorders are, at present, usually diagnosed by the American Psychiatric Association’s 

Diagnostic and Statistical Manual, currently in its 5th Edition (DSM-5) (APA, 2013) or by the 
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International Classification of Diseases, currently in its 10th edition (ICD-10) (WHO, 2010). 

DSM-5 and ICD-10 diagnose anxiety disorders based on a patient’s reports of experiencing 

aversion together with characteristic behavioural and physiological responses (e.g. avoidance, 

vigilance and arousal). But these things can be present normally; and so DSM-5 and ICD-10, 

require them to be excessive, persistent, distressing, and functionally impairing to meet clinical 

criteria for an anxiety disorder. Neither anxiety disorders nor the distinction between anxiety 

and fear/phobia are biologically defined. Several phobias are included within “anxiety 

disorders” by DSM-5 whereas ICD-10 separates phobia from anxiety. Conversely, ICD-10 

groups anxiety and phobia together with additional disorders within a broader class of 

“neurotic, stress-related and somatoform disorders”. 

The critical problem with both ICD-10 and DSM-5 is that they distinguish only 

superficial patterns of symptoms (e.g. worry; panic attacks) or the situations associated with 

them (e.g. social scrutiny, specific objects) and have no objective biomarker to define any 

specific underlying disorder. Furthermore, patients usually present with mixed symptoms 

clinically, fitting multiple “diagnoses” (e.g., generalised anxiety, panic, social anxiety, 

depression); but both DSM-5 and ICD-10 are designed to generally assign a single “diagnosis” 

per patient with neither certainty as to primary dysfunction nor allowance for comorbidity. In 

practice clinicians often assign comorbid diagnoses. The lack of biologically defined 

biomarkers to aid diagnosis has serious implications for the effectiveness of clinical treatment 

of patients presenting with various complex symptoms (Hyman, 2010). Ultimately, patients are 

experiencing many side effects due to inappropriate drugs and also may need multiple changes 

of medication before an effective treatment is found. This all creates an extensive burden on 

medical care systems (Hyman, 2010; McNaughton, 2014).   
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Even the recently released DSM-5 was extensively criticised by the US National 

Institute of Mental Health on 29th of April, 2013 

The weakness is its lack of validity. Unlike our definitions of ischemic heart disease, lymphoma, 

or AIDS, the DSM diagnoses are based on a consensus about clusters of clinical symptoms, 

not any objective laboratory measure. In the rest of medicine, this would be equivalent to 

creating diagnostic systems based on the nature of chest pain or the quality of fever. Indeed, 

symptom-based diagnosis, once common in other areas of medicine, has been largely replaced 

in the past half century as we have understood that symptoms alone rarely indicate the best 

choice of treatment. 

Patients with mental disorders deserve better. NIMH has launched the Research Domain 

Criteria (RDoC) project to transform diagnosis by incorporating genetics, imaging, cognitive 

science, and other levels of information to lay the foundation for a new classification system. 

Through a series of workshops over the past 18 months, we have tried to define several major 

categories for a new nosology …. This approach began with several assumptions: 

 A diagnostic approach based on the biology as well as the symptoms must not be 

constrained by the current DSM categories, 

 Mental disorders are biological disorders involving brain circuits that implicate specific 

domains of cognition, emotion, or behavior, 

 Each level of analysis needs to be understood across a dimension of function, 

 Mapping the cognitive, circuit, and genetic aspects of mental disorders will yield new 

and better targets for treatment. 

It became immediately clear that we cannot design a system based on biomarkers or cognitive 

performance because we lack the data. 

 (Insel, 2013). 

 Overall, then, the problem is that clinicians prefer to diagnose disorders with regard to 

syndromes rather than symptoms. But, for psychiatric disorders, we are still diagnosing 
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disorders based on symptom clusters because of a lack of syndrome-based biomarkers. So, 

developing a biomarker is the urgent need for clinical assessment of mental disorders in order 

to have accurate diagnosis and meet the global demand for treating mental disorders. 

1.3 Pharmacological challenge can open the door   

There is no biomarker for any neuropsychological disorder within the clinic. However, 

preclinical neuropsychological research holds promise for development of such a biomarker. 

Drugs could act as key tools to counteract the clinical limitations discussed in the previous 

section. For example, anxiety and dementia are neurologically different disorders and they both 

have their respective drugs for treatment. Drugs relieve a disorder by acting on specific 

biological processes that are likely to be responsible for that particular disease. So, 

pharmacological challenge could be one way to identify biomarkers for those specific 

biological processes and so for the psychological disorders that result from their dysfunction. 

Anxiolytics as a class can improve some cases of anxiety disorders independently of 

changes in panic, phobia, depression or obsession (McNaughton, 2014). Different classes of 

anxiolytic drugs act as GABAA receptor agonists, as calcium channel antagonists, and as 5HT1A 

receptor agonists, respectively (Tallman, Cassella, & Kehne, 2002). Anxiolytics as a class do 

not affect the fear system despite the fact that this is sensitive to panicolytics such as fluoxetine 

(Gray & McNaughton, 2000). Anxiolytics affect approach-avoidance conflict related 

behaviour, which is held to be controlled by the Behavioural Inhibition System (BIS). On the 

other hand, panicolytics affect fear-related behaviour, which is controlled by the Fight, Flight 

and freeze system (FFFS) (McNaughton & Corr, 2004). So, anxiety and fear are different 

functionally (Blanchard & Blanchard, 1990a), pharmacologically (Blanchard, Griebel, Henrie, 

& Blanchard, 1997; Gray, 1977) and neurally (Gray & McNaughton, 2000). 
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 For example, buspirone can resolve generalized anxiety without having any effect on 

panic (Loane & Politis, 2012). Buspirone has selective affinity for the 5HT1A subtype of 

serotonin receptors (Sangameswaran & De Blas, 1985). Likewise, Benzodiazepines resolve 

clinical anxiety but not depression. Benzodiazepines bind to a modulatory site, the 

benzodiazepine receptor, on the GABAA receptor complex (Montgomery, 2006; Polc, 1995; 

Tallman et al., 2002). Benzodiazepines act by positively facilitating the inhibitory effect of the 

endogenous GABA neurotransmitter but have no direct action on the GABA site or chloride 

channel (Montgomery, 2006).  Pregabalin helps to alleviate anxiety without affecting either 

panic or depression (Acheson, Stein, Paulus, Geyer, & Risbrough, 2012; Baldwin, 2007; 

Strawn & Geraciot, 2007). Pregabalin binds to the α2-δ subunit of a presynaptic calcium 

channel and so reduces the influx of calcium and prevents further synaptic fusion and also acts 

as a presynaptic inhibitor of the release of excitatory neurotransmitters such as glutamate and 

substance P (Montgomery, 2006). This inhibition of excitatory neurotransmitter also reduces 

neuronal excitability.  

All these drugs have in common the fact that they help to alleviate clinical anxiety 

(McNaughton, 2014). The drugs are acting on receptors in the CNS that are normally 

modulated by endogenous compounds and so variation in the sensitivity of these systems could 

provide the basis for anxiety sensitivity (McNaughton, 2014). So, the key point is that we can 

assume a system is involved in anxiety if it is affected similarly by all three different classes of 

drugs despite their different mechanism of actions (McNaughton & Corr, 2004). So, any neural 

or behavioural measures which are affected in a similar fashion by all of benzodiazepines, 

buspirone and pregabalin could define “anxiety” pharmacologically (McNaughton, 2014).  

1.4 The BIS theory  

Where in the brain do anxiolytics act? Gray (1976, 1982; Gray & McNaughton, 2000) 

described a “Behavioural Inhibition System” (BIS), which was defined by the actions of 
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anxiolytic drugs and that was, therefore, quite different from the fear system (since anxiolytics 

do not affect, e.g., simple active avoidance). The BIS gets its name from its initial inhibition of 

on-going behaviour prior to replacing it with, e.g., risk assessment behaviour. However, its 

outputs also include increased arousal, attention and negative emotional bias, as shown in 

figure 1.1 (Gray & McNaughton, 2000).  

 

Figure: 1.1 Model of Behavioural Inhibition System (BIS) and anxiolytic drug action. 

The BIS is activated by goal conflict generation stimuli and produces outputs that promote 

conflict resolution. Note that the BIS will be engaged only when two goals elicit competing 

(approach-avoidance, approach-approach or avoidance-avoidance) tendencies. Critically, the 

BIS is defined as the neural substrate of anti-anxiety drug action. Figure from Gray & 

McNaughton (2000) with permission. 

Although originally defined purely in terms of anxiolytic drug action, with its critical 

inputs simply listed; in their revision of the theory in 2000, Gray & McNaughton proposed that 

the key feature of all these inputs was their capacity to generate goal conflict. Goal conflict 

occurs when there are two or more concurrent incompatible goals, i.e., when there are 

concurrent, similarly activated, approach-approach, avoidance-avoidance or approach-

avoidance tendencies (Gray & McNaughton, 2000).  
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1.5 The neuropsychology of the BIS – a 2D theory 

In the earlier (Gray, 1982) and revised (Gray & McNaughton, 2000) versions of BIS theory, it 

was postulated that the hippocampus was a key node dealing with goal conflict in rodents 

(Gray, 1982). To resolve goal conflict, the hippocampus obstructs overt responses by blocking 

output from the areas that were responsible for defining that particular goal. The hippocampus 

then increases the amount of fear system activity and so increases simple avoidance tendencies, 

while approach tendencies remained the same.  

McNaughton and Corr (2004) described a detailed 2-dimensional hierarchical model of 

defensive reactions and their disorders that is an updated version of Gray’s (1976, 1982) and 

Gray & McNaughton’s (2000) theory of the BIS.  This model (McNaughton & Corr, 2004) 

contains two dimensions: defensive direction and defensive distance.  

Defensive direction is a categorical measure that corresponds to parallel underlying 

behaviours. It defines anxiety as approach to threat and separates it from fear, which is 

avoidance of threat. In contrast, defensive distance controls the nature of the behaviour 

produced by either fear or anxiety depending on the perceived immediacy of threat. This model 

(McNaughton & Corr, 2004) separates anxiety and fear systems based on their evolved 

purposes, which is very important as they are often conflated with each other. Some scientists 

have argued that fear is strong, on the other hand, some argued that anxiety is more pathological 

and therefore seen as stronger (McNaughton, 2014). Differences in the actions of anxiolytics 

and panicolytics on innate defensive behaviours can also be linked to, ethologically defined, 

anxiety and fear, respectively (Blanchard & Blanchard, 1990b; Blanchard et al., 1997). This 2-

D theory, therefore equates fear with active avoidance and anxiety with approach-avoidance 

conflict. 
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Critically, they (Gray, 1982; Gray & McNaughton, 2000) also argued that when 

anxiolytics have effects on different behaviours, they do so by affecting different bits of the 

brain. The 2-D model maps different neural networks for anxiety as the BIS and fear as the 

fight, freezing and flight system (FFFS) respectively (McNaughton, 2014; McNaughton & 

Corr, 2004), as shown in figure 1.2. Defensive distance corresponds to specific underlying 

neural levels, with the smallest defensive distance mapping to the lowest neural level 

(periaqueductal grey) and the greatest defensive distance mapping to the highest neural level 

(prefrontal cortex). This, and other theories, treat the neural systems controlling fear and 

anxiety as distinct (Davis, Walker, Miles, & Grillon, 2010; Gray & McNaughton, 2000; 

McNaughton & Corr, 2004; Miles, Davis, & Walker, 2011).  
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Figure: 1.2 The 2D defence system (direction x distance). Brain area in capitals, normal 

function lower case, nominal disorder (closest current diagnosis) in italics. Note the reciprocal 

(excitatory and inhibitory) connections between levels and systems. Dashed lines = 5HT/NA 

modulation. 5HT = 5-hydroxytryptamine /serotonin; 5HT1A = 5HT1A receptors; BDZ = 

benzodiazepine receptors; NA = noradrenaline; OCD = obsessive compulsive disorder; PAG 

= periaqueductal grey; PFC = (pre) frontal cortex. Figure and legend taken from McNaughton 

(2014).  

 

 Activity within any particular module would give rise to specific behavioural and 

autonomic output, but this activity can happen for a variety of reasons. Individual disorders 

will correspond to hyper-reactivity of specific brain areas (McNaughton & Corr, 2004), 

because each of the modules in this 2-D model can be involved primarily or secondarily in 

mental disorder. Critically, even without the current presentation of symptoms, a normal level 

of stimulus input into a specific dysfunctional brain area will generate a greater than normal 

output indicative of hyper-reactivity and syndromal output (i.e. panic with the presentation of 

weak threat). For example, hyper-reactivity to normal stimulus input to the hippocampus of the 

defensive approach system may result in the production of generalized anxiety disorder. In the 

defensive avoidance system, hyper-reactivity in the periaqueductal gray may produce panic 

(Gray & McNaughton, 2000; McNaughton, 2014; McNaughton & Corr, 2004).  

The 2-D model (Gray & McNaughton, 2000; McNaughton & Corr, 2004) assumes that 

particular syndromes will correspond to particular neurological abnormalities or hyper-

reactivity of a specific brain area. This hyper-reactivity can provide the opportunity for 

developing syndromal diagnoses of anxiety and fear or other mental disorders. So, if we 

challenge a specific brain area with a normal stimulus input and if it produces greater than 

normal output, then this indicates hyper-reactivity. This would allow us to differentiate people 
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depending on their response output. If someone is hyper-reactive with a normal stimulus input 

into a specific brain area, then this specific hyper-reactivity of the specific brain area will define 

a specific disorder in the patient. Such a syndrome-based biomarker will reflect neurological 

abnormalities or hyper-reactivity rather than symptoms clusters and so would diagnose any 

disorder more accurately than the current symptom-based approach. 

The 2-D theory predicts multiple distinct syndromes as well as allowing for 

comorbidity (McNaughton, 2014). For example, hyper-reactivity of modules in the FFFS 

would produce phobic syndromes that could range from simple (hypothalamus) to complex 

(frontal cortex). Similarly, hyper-reactivity of the hippocampus or amygdala or medial 

hypothalamus would produce distinct syndromes in the BIS. There are extensive connections 

between each neural area defined in this model, therefore hyper-reactivity in one area may 

activate other areas directly or indirectly. This direct or indirect activation in other neural 

module may then generate behavioural symptoms additionally, which are characteristic of 

other disorders. Therefore, it will allow us to assess comorbidity when there is distinct hyper-

reactivity in more than one neural module (McNaughton & Corr, 2004).  

1.6 Rodent Rhythmical Slow Activity (RSA) as a potential anxiety syndrome biomarker 

Symptoms seldom define syndromes successfully, making diagnosis difficult. For example, 

high temperature in the human body is a single symptom but can occur in many different 

syndromes. Despite this apparent complex relationship between symptoms and syndromes, a 

biomarker should successfully identify its corresponding syndrome (McNaughton, 2014). As 

discussed in the previous section, the key assumption from 2-D theory is that specific disorders 

will represent hyper-reactivity of specific modules within a system or of specific inputs that 

modulate multiple modules of a system (McNaughton, 2014). So, detection of such hyper-

reactivity by challenge tests would allow us to diagnose syndrome-based individual disorders 

and also allow us to diagnose comorbidity.   
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Gray and McNaughton (Gray & McNaughton, 2000; Gray, McNaughton, James, & 

Kelly, 1975), identified one potential biomarker; in that the BIS depends on hippocampal 

rhythmic slow activity (RSA) – neural firing ranging from 4-12HZ (often known as 

“hippocampal theta” for rodents). McNaughton and colleagues showed repeatedly with 

intracranial EEG (for review see McNaughton, Kocsis, & Hajos, 2007) that RSA frequency 

reduction, which was measured in the hippocampus, predicts clinical anxiolytic action. For 

example, buspirone, benzodiazepines and pregabalin (typical anxiolytics, see section 1.3) all 

reduce hippocampal RSA in a single acute dose, while haloperidol and chlorpromazine which 

are sedative drugs but do not have clinical anxiolytic effects do not (McNaughton et al., 2007). 

So (for review see, McNaughton et al., 2007), this reduction in electrically elicited RSA 

predicts clinical anxiolytic action with, so far, no false positives (even with sedatives) or 

negatives (even with drugs ineffective in panic or depression). 

McNaughton and colleagues also showed that artificial replacement of previously 

blocked RSA restored behavioural dysfunction (McNaughton, Ruan, & Woodnorth, 2006) and 

that changes in RSA mediate anxiolytic action on behavioural inhibition (Woodnorth & 

McNaughton, 2002). So, RSA appears to not only be a reliable test for anxiolytic action but 

also reflect activity in neural networks important for an anxiety-specific process. 

1.7 Could human cortex show a homologue of rat RSA 

Can we find a human homologue of RSA? Before answering this question, we should sort out 

a terminological issue in relation to “RSA”, “hippocampal theta” in rodents, and “theta” in 

humans. There are discrepant definitions of “theta” frequency between rodent depth recording 

and human superficial EEG experiments. In rodents, “theta” rhythm is defined by its source 

rather than by its frequency, because it was first found (Arduini & Green, 1953) in the 

hippocampus – initially at frequencies in the human theta band. Though it is called 

hippocampal theta, the same rhythmicity (coherent with that in the hippocampus) is also 
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recorded from cortical (Bilkey & Heinemann, 1999; Jones & Wilson, 2005) and sub-cortical 

(Kirk & McNaughton, 1993; Kirk, Oddie, Konopacki, & Bland, 1996) areas. On the other hand, 

human scalp EEG theta is defined by its frequency band, which is in general 4-7 Hz, with alpha 

being 8-12 Hz. Rodent hippocampal “theta” (4-12Hz) spans the human theta and alpha ranges. 

Most importantly, Ekstrom et al., (2005) found in a virtual navigation study that task related 

human hippocampal rhythmicity could range from 3-12 Hz. They used intracranial 

electroencephalography (iEEG) to record rhythmicity from human hippocampus. Given the 

discrepancy between the meanings of “theta” rhythmicity in rats and human, we will use the 

term “Rhythmical Slow Activity” (RSA) instead of “theta” to refer to rodent hippocampal 

rhythmicity to avoid the confusion. We will also avoid the use of the word “theta” in talking 

about the human homologue of RSA. 

Human hippocampal recording is impractical in anxiety disorder patients in the clinic. 

By contrast, recording superficial EEG is non-invasive, affordable and more readily available. 

It is impossible to record hippocampal rhythmicity directly using superficial EEG because the 

hippocampus is buried deep in the brain. But 4-12 Hz rhythmicity can be seen in human cortical 

regions (Asada, Fukuda, Tsunoda, Yamaguchi, & Tonoike, 1999; Tuladhar et al., 2007; Tzur 

& Berger, 2007). Importantly, during virtual navigation Ekstrom et al., (2005) found 

correlations between human hippocampal and cortical firing in the 4-8 Hz band. 

There is also rodent evidence for interactions between hippocampus and cortical 

(Pedemonte, Pérez-Perera, Peña, & Velluti, 2001) and subcortical (Natsume, Hallworth, 

Szgatti, & Bland, 1999; Siapas, Lubenov, & Wilson, 2005) regions. Most importantly, Siapas 

et al., (2005) found that hippocampal output modulated prefrontal activity; and Young and 

McNaughton (2009) showed that cortical rhythmicity could be locked to hippocampal RSA 

during hippocampal-sensitive behaviours.  
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Therefore we can conclude that the hippocampus has considerable connections with the 

cortical, subcortical and prefrontal areas of the brain both in humans and rodents during 

hippocampal-sensitive behaviours (e.g. goal conflict resolution). 

1.8 The search for a homologue of RSA in a choice reaction time task (CRT) 

Given the existing evidence, both in humans and rodents, Neo et al., (2011) hypothesised that 

if there is any rodent like RSA in humans, they would be able to extract it from the cortex by 

using superficial scalp EEG under appropriate behavioural conditions. Neo and McNaughton 

(2011) thought that goal conflict (Figure 1.1) could activate the BIS and so could produce 

rhythmicity in frontal cortex. When both approach and avoidance tendencies are the same, it 

generates conflict. This approach-avoidance conflict should activate the BIS. Under normal 

conditions, a signal is generated by any specific goal activations and this activates both the 

motor system and the hippocampus. When a single goal is dominant, the hippocampus detects 

this but does not generate functional output. However, when there are two balanced goals 

activated at the same time, then the hippocampus, or other aspects of the BIS, is activated. To 

achieve such BIS activation, Neo and McNaughton (2011) used dollar gains or losses to 

manipulate goal conflict using a simple choice task. Neo and McNaughton (2011) created three 

different conditions for manipulating approach, avoidance and conflict. Those three conditions 

were: 1) net gain, where there was a greater approach tendency; 2) net loss, where the avoidance 

tendency was greater; and 3) loss and gain equal, where the potential amount of gain and loss 

for a response were equal, so the approach and avoidance tendencies were the same, which 

would produce approach-avoidance conflict. Goal Conflict Specific Rhythmicity (GCSR) was 

extracted from human scalp EEG by subtracting the rhythmic power averaged over approach 

and avoidance from the rhythmic power in conflict. Neo and McNaughton (2011) found 4-7Hz 

power peaked in conflict trials at the right frontal site F8 in the first 30 trials of their task while 

participants were adapting to the payoffs in the three different conditions. Neo and 
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McNaughton (2011) did not find any conflict specific change in the last 30 trials when 

performance had stabilised. Neo and McNaughton (2011) also found that loss (avoidance) 

related power change correlated with personality measures. 

1.9 Goal conflict rhythmicity in the 4-staircase Stop Signal Task (SST) 

Where in the brain could GCSR being generated?  Aron et al., (2003) observed that damage to 

the right but not left inferior frontal gyrus impaired stopping performance in the stop signal 

task (SST) (Aron et al., 2003). Since stopping is an output of the BIS, Neo et al., (2011) used 

the SST to attempt to elicit GCSR on the assumption that this could be being generated by the 

right inferior frontal gyrus. 

The original Neo et al., (2011) version of the SST was designed to be identical to that 

of Aron et al., (2003) and, indeed, was based on a computer program supplied by Dr Aron. The 

first step taken by Neo et al., (2011) in order to measure GCSR power was to subtract Go signal 

related EEG power from Stop signal related EEG power to produce stop specific rhythmicity. 

That is, subtraction of Go-related power eliminates all power changes that are common to go 

and stop processes, including anticipatory stopping effects, leaving behind only those processes 

generated by the stop signal itself.  

The distribution of stop signal delays (SSDs) was generated by 4 independent 

“staircases” each of which moved up or down by 50ms after each trial on which it was used 

(failed stopping shifted the SSD to an easier value, correct stopping shifted the SSD to a more 

difficult value, so the value always move up or down resulting in tracking of 50% correct 

responding).  The only difference between Neo et al (2011) and Aron et al., (2003) was that 

after the experiment was completed, they divided trials for analysis on the basis of the resultant 

SSDs into three groups with short, medium and long delays. When the onset of stop trials is 

quick, this allows participants to successfully inhibit their ongoing response; when it is 
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intermediate, participants can inhibit their ongoing response on about 50% of trials and fail to 

inhibit on the other 50% of trials; and with long delays, onset of stopping is late, relative to the 

go process, and so does not allow successful inhibition of their ongoing response. (Previous 

workers have just averaged results across all trials as a single group). As the SST maintains 

50% correct successful stopping and unsuccessful stopping, so approach and avoidance 

tendencies are equal where maximum conflict is expected in the BIS theory (Gray, 1982; Gray 

& McNaughton, 2000; McNaughton & Corr, 2004). Neo et al., (2011) also subtracted the 

average power of short (avoidance) and long (approach) SSDs from the power of intermediate 

SSDs (balanced approach and avoidance) to produce conflict specific rhythmicity. That is, 

subtraction of approach and avoidance related power from conflict related power eliminates all 

power changes that are coming from short and long SSDs, leaving behind only those conflict 

related processes.  

 Neo et al., (2011) found GCSR in the SST at the right frontal site F8 at 7-8 Hz. That is, 

they found that stop-signal-related power was greater in medium delay trials (conflict) than the 

average of short and long trials (approach and avoidance). Later, McNaughton et al., (2013) 

validated GCSR in a slightly modified version of the 4-staircase SST with two different classes 

of anxiolytics. McNaughton et al., (2013) found GCSR in the placebo control group at 9-10 

Hz, which was reduced by both triazolam and buspirone. 

An important point to note is that the SST involves no explicit threats; and stopping 

itself does not correlate with neuroticism or trait anxiety and is not affected by benzodiazepine 

or 5HT1A drugs (McNaughton et al., 2013). The strength of elicited GCSR in the SST, thus 

measures the reactivity of a BIS circuit, un-confounded by challenges to the panic system or 

by changes in behaviour controlled by act and action circuits (Neo et al., 2011) that operate in 

parallel to each other and to goal control by the BIS. 
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1.10 Problems with the 4-staircase SST 

There are a number of limitations with GCSR produced in the 4-staircase SST using similar or 

identical procedures to Aron et al (2003) if this is to be used in the clinic. First, the frequency 

range is narrow and variable. The SST used by Neo et al., (2011) found 7-8Hz GCSR while a 

slightly modified version (McNaughton et al., 2013) found 9-10Hz GCSR. The rodent data on 

which GCSR is based generally finds RSA to have a much broader frequency spectrum ranging 

from 4-12 Hz (Gray & McNaughton, 2000; Gray et al., 1975; McNaughton, 2014). Secondly, 

there is an imbalance between short, medium and long trial numbers as these are simply sorted 

into 3 groups with no control over group size (see figure 1.3). Thirdly, there is no clear division 

between the 3 groups (see figure 1.3). Fourthly, the SSDs were intermixed with each other 

without having any clear gap between the groups of trials and scattered distribution of SSDs 

(see figure 1.4). Both unequal numbers and a lack of clear division are statistically undesirable 

if differences between the groups of trials are being tested. 

 

Figure: 1.3 Staircase-generated SSD distribution sorted into short, intermediate, and long 

groups for an individual participant included in McNaughton et al (2013). The left panel shows 

the number of trials for different short SSDs, the middle panel shows trial numbers for 

SS
D

s 
(m

s)

Trials

Short SSD

Medium SSD

Long SSD



Page - 17 

intermediate SSDs and the right panel shows trial numbers for long SSDs. Data provided by 

Charles Swart. 

 

Figure 1.4 Movement of four independent, interleaved, “staircases” (dashed lines) and the 

SSDs they deliver on successive trials (black dots) for a single participant. Each staircase 

moves up (stopping becomes easier) if the person fails to stop and down (stopping becomes 

more difficult) if they stop correctly when that staircase is controlling the SSD. Data are from 

an individual participant included in McNaughton et al (2013) and provided by Charles Swart. 

1.11 Can we change the SST to increase GCSR?  

In order to translate the SST into the clinic, we needed to fix the imbalance in trial numbers for 

different delay groups and attempt to create a separation between them. To do this, we needed 

to modify the task so that it had three distinct staircases with no need to sort trials into groups. 

Most importantly, we needed to elicit a stronger and, preferably, broader band GCSR to provide 

a better match to RSA. As described below, we hoped to achieve this by spreading short and 

long SSDs further from the intermediate SSDs, and so generate larger differences in power 

between them. But before discussing solutions to the problems associated with the 4-staircase 

SST (Aron et al., 2003; Neo et al., 2011), we will first describe the current theory of the SST 

in more detail and the way in which it is presumed to generate GCSR. 
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1.11.1 Theory of the SST 

In the stop signal task, participants always perform a choice reaction time (CRT) task where 

they need to choose one response depending on the stimuli presented on the computer screen. 

The SST task involves two different types of signals: a pair of go signals and a stop signal. 

When participants are presented with a go stimulus, then they must make a response depending 

on the specific go signal. When they see or hear a stop signal, their task is to withhold their 

upcoming response. The go and stop signals, are randomly assigned so participants cannot 

predict what response to make and whether to make or withhold a response. 

The dominant theory of stopping in the stop signal task is the horse race model (Logan 

& Cowan, 1984a, 1984b). In this model Go and Stop are both presumed to be independent 

processes with a race between them, as shown in figure 1.5, that determines whether going or 

stopping is observed. If the Go reaction time process finishes first, then the response will be 

executed and if the stop reaction time finishes first, the response will be inhibited (Logan, 1994; 

Logan & Cowan, 1984a, 1984b).  

 

 

Figure: 1.5 An illustration of the horse race model of response inhibition. This shows the 

density functions of responding and inhibition in relation to the duration of the go process. The 
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stop signal is presented after a stimulus-onset asynchrony (SOA) relative to the go signal. The 

stop process finishing time occurs after the stop signal reaction time (SSRT) relative to the 

stop signal onset. This figure taken from Logan et al., (2003) and legend modified from Logan 

et al., (2003). 

The advantages of the SST over other kinds of inhibition task is that we can extract a 

measure of the latency of the inhibitory process, the Stop Signal Reaction Time (SSRT), though 

this is never directly observable. We can manipulate the task to determine which process will 

finish first and this in turn will tell us which factors are contributing the behaviour at any point 

in time (Logan, 1994; Logan & Cowan, 1984a, 1984b). There are at least four factors which 

determine the relative finishing time for Go and Stop process: 1) Stop Signal Delay (SSD), the 

difference between the onset of the Go and the Stop signal; 2) the mean reaction time for the 

Go process; 3) the mean reaction time for the Stop process; and 4) the variance of Go reaction 

time (Logan & Cowan, 1984a). The inhibition observed in the SST is different from other kinds 

of inhibition such as neurological and reactive inhibition (Logan, 1994). In the SST, the 

participant needs to change their already initiated response and adjust it to a new current goal 

of stopping (Logan, 1994).  

As shown in figure 1.6, if we can spread out long and short SSDs from the intermediate 

SSDs, then short and long SSDs would have less conflict and intermediate SSDs would have 

high conflict. When we average both long and short, then it will give us less conflict, therefore 

the amount of conflict in intermediate SSD will result in larger conflict power after subtraction 

of the average power of both short and long SSDs. 
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Figure: 1.6 Using the model of the horse-race between Go and Stop processes in the stop 

signal task, adapted from Figure 1.5, to describe approach, avoidance and conflict. We treat 

the go stimulus as generating approach because participants need to respond for this 

stimulus, and the stop stimulus as generating passive avoidance because participants need 

to withhold their response. Critically, at intermediate SSDs participants will maintain 50% 

inhibition, which means that approach and avoidance are balanced and so will give rise to 

conflict.  

1.11.2 How variation in SSD changes GCSR 

To get a clearer picture of the model in figure 1.6, we simulated our assumed Go, Stop and 

resultant conflict processes for a 3-staircase SST, where short, medium and long SSDs would 

be pre-defined. In figure 1.7, the green line shows the occurrence of the Go process (expressed 

as a percentage of maximum value), which is broad because participants take a relatively long 

time to respond. The red line shows the stop process, which is narrower because SSRT has to 

be a fraction of the Go reaction time if it is ever to win the race in the conventional SST. The 

purple line shows the resultant conflict effect, which is defined for each point as Go% × Stop% 

÷ 100. We choose the specific curve values shown to match a GoRT of 350ms and an SSRT of 

200ms and gave them an inverted-U shape both to allow for processes that would increase to a 

peak and decreases and to allow for the effects of error variance in the latencies of the processes 

(which would tend to spread out the average profile).  
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The results shown in figure 1.7, are hypothetical and only intended to demonstrate the 

principles of the underlying processes. The amount of conflict depends on the race between the 

Go and Stop processes. If the onset of the Stop process is such that its peak happens at the 

middle of the Go process, there will be 50% chance of a win for both Go and Stop processes. 

This 50% point generates maximum conflict power. If the onset of the Stop process is further 

from the middle point in either direction, the amount of conflict is progressively less. In a 4-

staircase SSD, the intermediate SSD would be assumed to have had maximum conflict power 

(as in the left hand panel of figure 1.7) but the short and long SSDs (having adjacent values) 

would also have had substantial conflict power, too (second panel). When Neo et al., (2011) 

subtracted the average of short and long SSDs to get GCSR, then, the difference in conflict 

power would be small. In contrast, the spreading out of short and long SSDs in the 3-staircase 

SST (e.g. panel 3) would mean they both have less conflict and so when we subtract the average 

conflict power of the short and long SSDs (panel 3) from the intermediate SSDs (panel 1), then 

it will produce a large amplitude of GCSR because less is being subtracted from the 

intermediate SSD, which would have maximum conflict as in the 4-staircase SST. So, 

spreading out short and long SSDs from intermediate SSDs and maintaining a gap between 

groups of trials will be our desired manipulation for getting larger GCSR. However, there is 

clearly a limit to such spreading since (panel 4) with a situation where very little conflict is 

generated there is a risk that the stop signal will occur after the go response has been emitted – 

changing the nature of the task. 
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Figure: 1.7 Simulation of conflict generation in relation to SSD. The distribution shows the 

conflict generation process in relation to the race between Go and Stop processes. The Go 

process (green line) is set at a fixed peak time (350 ms) and the Stop process (red line) is 

given a fixed duration (200ms wide, i.e. faster than the go process). Power values are 

presented as percent of maximum. Conflict power (purple line) is calculated as [%Go Power 

x %Stop Power/100]. That is, with both stop and go power equal and at their maximum values 

then conflict power is maximal; whereas, if either Stop or Go power is zero, conflict power is 

zero. The first panel shows data for a stop signal delay that delivers the peak of stop power 

coincident with the peak of the go process, where maximal conflict would be generated. The 

second to fourth panels show the effects of increasing the SSD by 50ms steps. Conflict 

decreases rapidly. A symmetrical decrease in conflict would be obtained if SSDs were 

decreased by 50 ms steps. 

 Overall, then, our goal is to separate short and long SSDs from the intermediate SSDs 

so that when we subtract the average of short and long SSDs from intermediate SSD we will 

measure a larger amplitude of GCSR. Another goal is to maintain a gap between the groups of 

SSDs. Further technical details are discussed in Chapter 3.  

1.12 How we can validate GCSR to use as biomarker? 

Our assumption then is that an optimum spread between short and long SSDs either side of the 

intermediate SSDs, with clear gaps between the groups of trials could produce a larger 

amplitude of GCSR. However, with substantial changes in the procedure, the question arises 

as to whether the GCSR generated by this 3-staircase SST is due to goal conflict as defined by 

the BIS theory or not? As discussed in section 1.3, anxiolytics define goal conflict in the BIS 

theory (Gray & McNaughton, 2000; McNaughton & Corr, 2004). If we find this GCSR is 

anxiolytic drug sensitive, then this validates it in terms of BIS theory helping us to translate 

this version of SST into clinic.  

1.13 GCSR and personality measures 

There are several different personality measures – e.g., neuroticism, extraversion (Eysenck & 

Eysenck, 1991) and trait anxiety (Spielberger, Gorusch, Lushene, Vagg & Jacobs 1983) – that 
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are thought to be particularly important for anxiety disorders. Neuroticism reflects someone’s 

propensity to experience negative emotions and vulnerability to stress (Brandes & Bienvenu, 

2006). Generalized anxiety disorder and neuroticism are thought to overlap in their 

expressional features (Hettema, Prescott, & Kendler, 2004). However, this expression depends 

on environmental factors together with genetic features (Bienvenu & Murray, 2003; Hettema 

et al., 2004). Neuroticism also has considerable impact on depression (Bienvenu & Murray, 

2003). Simply knowing the relationship between a personality trait like neuroticism and anxiety 

disorder does not indicate that the trait is causally related to the disorder itself. There are some 

other genetic and environmental factors that also contribute to this association (Bienvenu & 

Murray, 2003; Hettema et al., 2004). On the other hand, trait anxiety refers to an enduring 

personality characteristic that could predispose to state anxiety during stress (Kennedy, 

Schwab, Morris, & Beldia, 2001). There is also considerable overlap between assessments of 

anxiety and depression because a strong correlation is found between STAI scores and Beck 

Depression Inventory (BDI) scores (Kennedy et al., 2001). We predict that if GCSR measures 

an anxiety-related process, then it should have at least moderate correlations with both 

neuroticism and trait anxiety. Previously Neo et al., (2011) found a positive but small 

correlation between GCSR and neuroticism but not with trait anxiety measures and BIS scores. 

1.14 Neural networks involved in response inhibition in the SST 

In addition to its derivation from the effects of anxiolytic drugs, the BIS theory (Gray & 

McNaughton, 2000; McNaughton & Corr, 2004; Neo et al., 2011) now presents a detailed 

picture of its involvement in different neural networks in the brain. A second way, therefore, 

to link GCSR to the BIS theory is to determine which brain areas are generating it.  

 Neo et al., (2011) speculated that the neural source of stopping depended on the 

response strategy and linked this with BIS theory based on two lesion studies. Aron et al., 

(2003) conducted a lesion study with the standard SST, where they found that lesion of right 
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inferior frontal gyrus (rIFG) impaired stopping unlike left-side lesions. Aron et al., (2003) also 

found that the participants were slower in making stopping response.  Floden and Stuss (2006) 

conducted a second lesion study in an SST where the participants were required to make very 

fast go responses.  Floden and Stuss (2006) found that the pre-supplementary motor area (pre-

SMA) (Floden & Stuss, 2006) was involved in this stopping performance. They suggested that 

both of the lesion studies provided important insight about the response strategy with different 

neural networks being engaged depending on the speed of the go processes. 

Evidence from recent neuroimaging studies also shows that rIFG is activated during 

successful stopping and other kinds of response inhibition (Aron, Robbins, & Poldrack, 2014; 

Verbruggen & Logan, 2008). This part of brain showed greater activity during successful 

stopping (Aron, Durston, et al., 2007). Most importantly, the right frontal network directly 

contributes to most of the events of stopping (Rubia, Smith, Brammer, & Taylor, 2003). These 

studies, taken together, suggest that rIFG, and preSMA or medial frontal gyrus (MFG) are 

activated during stopping. Together with this right frontal network involvement, the middle 

frontal gyrus (Li, Huang, Constable, & Sinha, 2006; Verbruggen & Logan, 2008), and 

subthalamic nucleus (STN) are also involved in response inhibition (Aron, 2006). STN has 

been suggested to be involved more in monitoring rather than inhibition per se (Rubia et al., 

2003). Given this variation in the control of stopping, I will carry out a source localization 

study to find out the neural networks involved in conflict (chapter 9), and test the previous 

speculation of Neo et al., (2011) that both rIFG and more medial areas are involved.   

1.15 Experimental proposals for my thesis 

The aim of this thesis was to develop an improved version of the SST, which would allow us 

to translate GCSR into the clinic as a superficial EEG biomarker for an anxiolytic-related 

process. Development of an appropriate 3-staircase SST is described in Chapter 3. Since this 

SST used a visual signal and previous SSTs used an auditory one, we also tested for differences 
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between visual and auditory SST holding other aspects of the procedure separate. The auditory 

SST also allowed us to make direct comparisons with Neo et al., (2011), Stevenson (2012) and 

McNaughton et al., (2013).  Given the original findings of Neo et al (2011) we tested whether 

personality measures (specifically neuroticism and trait anxiety) correlated with GCSR. 

Importantly, to validate our resultant GCSR (section 1.13), we tested for anxiolytic action in 

both the auditory and visual SSTs. Finally, we tested the speculation of Neo et al., (2011) that 

rIFG and pre-SMA could be the neural sources of GCSR in the auditory SST. Our prediction 

was that a larger and more discrete separation between short, intermediate and long SSDs 

would produce larger amplitude GCSR. We also hoped that it would produce a broader band 

GCSR, ranging from 4-12 Hz. Critically, we planned to validate our modified versions of SST 

with three distinct classes of anxiolytics as anxiolytic drugs are a key challenge test both for 

clinical translation and links to BIS theory. Furthermore, we would carry out a source 

localization study to see whether the neural source of GCSR is right inferior frontal gyrus 

(rIFG) or pre-supplementary motor area (pre-SMA) or MFG or all of them.   
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CHAPTER 2: General methods 
 

The primary task details, EEG recording, data processing procedures, and most other details 

were identical or very similar across the experiments in this thesis. These general methods are 

detailed below. Variations from the general methods are detailed in the methods sections of the 

specific chapters. 

 

2.1 Participants 

The participants were recruited from Otago University through advertisements via the 

organisation Student Job Search. The participants reported no psychological disorders in the 

past. All participants considered themselves right-handed. We recruited only right handed 

participants because previous experiments had shown the effect of interest was lateralized to 

the right frontal part of human brain. The recruitment of participants and the procedures were 

approved by the University of Otago Ethics Committee; approval number: DP 10/07). Their 

age ranged from 18 to 30 years. Specific demographic details are given with each experiment. 

They were each reimbursed $20 for participating but received no monetary reward or 

punishment during the task. All participants gave their signed informed consent to participate 

in their respective experiments. The information sheets and consent forms are supplied in 

Appendix 1. 

 

2.2 Apparatus/Materials 

2. 2. 1 Presentation of stimuli and recording participant responses and EEG 

The presentation of the stimuli and other aspects of the experiments (including EEG recording) 

were presented by PC computers controlled by purpose-built programmes written in Visual 

Basic 6. The monitor was 360mm x 375mm and they were seated on a chair at a distance of 
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about 135 cm from the screen. Participants responded to on-screen stimuli using the left and 

right buttons of a standard computer mouse using the index and second finger of their right 

hand.  

 EEG recording was carried out on a number of different machines. The main details of 

these are given in Table 2.1. Further details are given in the relevant chapters.  

Table 2.1 Details of EEG Machine Used For All Experiments Used in This Thesis. 

 

All other things remained the same (see Table 2.1). Some pilot experiments took place 

in two identical cubicles with participants were seated in dental chairs with an adjustable neck 

support for comfort and to limit head movement. For the two drug experiments, the EEG data 

were collected in an office where participants were seated in an office chair. For source 

localisation the EEG data were collected in a laboratory with participants seated in an office 

chair. All recording areas were certified body-protected area for electrical recording. 

2. 2. 2 Questionnaires/demographic data 

The Eysenck Personality Questionnaire-Revised (EPQ-R; Hodder & Stoughton, UK) (Eysenck 

& Eysenck, 1991); the Spielberger State-Trait Anxiety Inventory (STAI; Mind garden Inc, CA) 

Form-Y (Spielberger, Gorusch, Lushene, Vagg & Jacobs, 1983); and the Behavioral Activation 

System/Behavioral Inhibition System (BIS/BAS) (Carver & White, 1994) questionnaires were 

administered to all participants. For pilot experiment 1 these data were not analysed. Gender 

was recorded as was ethnicity using the standard Statistics New Zealand format.  

EEG Machine                      Sample Rate (Hz)                     Low Pass Filter (Hz)                 High Pass 

Filter (Hz) 

Mindset                                  128                                              1.8                                                        36 

BioRadio                                128                                              2.0                                                        48 

ASA Neurotechnology          256 (resampled to 128)               1.0                                                         36 

 ElectroGesic, Inc                  1000                                             1.0                                                        126 
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2. 3 Stop Signal Task (SST) 

 

 

Figure: 2.1. Events in the stop signal task. Each trials starts with a blank screen that turns into a white 

fixation circle. The fixation circle then turns green when the go signal (either left or right arrow) is 

presented. This occasionally turns into a stop signal (exclamation mark with red circle, or auditory tone, 

depending on the experiment). Depending on the participant’s response, they were then presented with 

feedback of either a smiley or a frowney face as indicated. 

The SST used in these experiments is mainly based on the version outlined by Aron (2006) and 

used by (Neo & McNaughton, 2011) but with the following modifications. 1) The method of 
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determining some of the SSDs is based on Carter et al., (2003). 2) Also, as in Carter et al 

(2003), in some experiments a visual stop signal was presented on a computer screen. 3) 

green/go and red/stop colour was added to the fixation circles to increase the discriminability 

of the stimuli for experiments with a visual stop signal. 4) Participants received feedback after 

performing each trial, for successful go and stop trial, they were presented with a smiley face 

and for the failed go and stop trials, a frowney face. 5) The participant’s maximum desired Go 

reaction time during stop testing was set to a specific value (i.e., the participant’s standard pure 

Go reaction time × 1.3, initially and × 1.5 in later experiments). They were provided with 

feedback whenever they were slower than this making a go response.  

The go task stimulus was a symbol facing either left (<) or right (>) within a green 

circle which indicated participant’s to respond as fast and accurately as they can.  The stop 

signals were an exclamation (!) mark within a red circle for some experiments and an auditory 

tone for other experiments (see Figure 2.1) and indicated to participants to withhold their 

response. On a go trial, a white fixation circle was first presented in the centre of the screen 

against a black background. Then, 500 ms later, the white GO stimulus (< or >) was presented 

and the circle changed to green. Participants were asked to make a left/right mouse click as 

quickly as possible in response to the left/right arrow. On stop trials, the stop signal replaced 

the GO signal with a black exclamation mark (!) and the circle changed to red to indicate that 

the participants should inhibit their prepotent response.  The participants were presented with 

384 trials in total, in three blocks with a rest break after every 128 trials. This is because one 

stop trial was presented on every four trials (the position of the stop within the block of four 

trials was controlled by a random number generator), each 128 trial block consisted of 32 stop 

trials and 96 go trials.  
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2. 4 Phases of the Stop Signal Task 

2. 4. 1 Initial block of GO trials 

The initial phase of the experiment was as in Carter et al., (2003) except for the number of 

trials.  A primary choice reaction time (CRT) task consisted of one block of 30 CRT trials. This 

was exactly as for the subsequent SST trials except that no stop signals were presented in this 

block. For the CRT task, participants were instructed to press the left/right mouse depending 

on the symbol (< >) with the use of right hand. They were asked not to move their head and 

neck during recording EEG data except in the rest periods. They were asked to respond as 

quickly and accurately as possible. Performing the CRT task resulted in the subjects performing 

the primary task quickly and accurately; and it also enabled calculation of the subject’s go 

MRT, from which stop signal delays and maximum go reaction time could be set before the 

first block of trials of the stop task. 

2. 4. 2 Main blocks with STOP trials 

The main blocks of trials had the same instructions as those given by Neo et al., 2011. Timing 

and related details were also the same, as detailed in the previous section (2.3), except for the 

staircases controlling the SSD. The resulting SSD distributions would have appeared very 

similar to the participants as the main change (see Figure 3.1) is in the statistical separation of 

the SSDs into distinct groups with only small changes in the overall distribution, with the 

different types of SSD being intermixed.  The stop signal task consisted of three blocks each 

of 128 trials, with a stop signal being presented upon one quarter of these trials (i.e. 32 trials). 

The key difference between this experiment and Neo et al., (2011) was that instead of 4 random 

staircases, all of which would tend to the same average value, it had 3 nominal “staircases” 

delivering short, medium, and long SSDs. The short and long SSD values were set to 20% and 

70%, respectively, of the average GO reaction time over the previous 16 GO trials. The medium 

staircase was set to start at 45% of GO reaction time but then tracked responding as with the 
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staircases used by Aron et al (2006) and Neo et al (2011) but in 30ms rather than 50ms steps 

and with a restriction that the SSD could never get closer than 50ms to the current value of 

either of the other staircases. This staircase was expected, therefore, to track the 50% correct 

stopping point where maximum conflict is expected in the BIS theory. The rule governing 

medium staircase movement generated a tendency for responding to converge on a 50% 

probability of inhibition (Pinhibit), i.e. participants were equally likely to make or withhold a 

response once the SSD values had converged for only the middle staircase. The three different 

staircases were pseudo randomly assigned to stop trials and ensured that there was one of each 

SSD type within each set of three stop trials.  

For the second and third 128-trial blocks, MRT was taken from the last 16 go trials of 

the previous block, and SSDs were set to 20%, 45% and 70% of MRT for the short, medium 

and long SSD staircase starting values. After finishing each block, they got rest breaks for at 

least 1 min and maximum of 2 minutes.  Participants were told not to slow their go responding 

to aid inhibiting the stop-signal, as it would appear only occasionally. Participants received 

feedback on their mean go-trial reaction time (go MRT) for every slower go trials and were 

instructed to speed up their responding for the next go trials. They also instructed that they 

could not inhibit all the stop trials because the program was set up like this. On both go and 

stop trials, if a button press occurred prior to the presentation of the go signal, the trial was 

excluded from the analysis – this was rare.  

2. 5 Procedure 

Participants received information sheets explaining the experimental procedure before arriving 

at the laboratory. If they have any questions regarding the information consent form, they 

turned up in the laboratory and after getting satisfactory answers, they signed for participation. 

On the test date, upon arrival of the participant, the experimenter measured their head 

circumference and marked Fp1 and Fp2 according to the International 10-20 system with a 
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black marker. The participants then completed the EPQ-R, BIS/BAS, and STAI-Trait 

questionnaires. They were instructed not to deliberate on any one question but to efficiently 

work through all the questions (completion time ranged between 15-20min). The appropriate 

sized cap depending on the participants head circumference was then selected for each 

participant and fitted to their head. A syringe and blunt square tipped 16 gauge needle 

(Precision Glide Needle, BECTON DICKINSON & CO) was used to inject conducting gel 

(Electro-Cap International. Inc. USA) and the impedance of each electrode was reduced by 

careful abrasion with the tip of the needle to achieve 5≥ KΩ (completion time ranged between 

30-50min). Participants were then seated in the chair and their cap connected to the EEG 

machine (see Table 2.1).  

To assess the functioning of the recording system eye blink and alpha rhythm tests were 

performed.  The eye blink test required participants to blink once per second for ten seconds; 

the alpha rhythm test required participants to become relaxed and close their eyes for ten 

seconds.  The resulting EEG recording was displayed on the monitor allowing the experimenter 

to judge the clarity, and appropriate functioning of the recording system.  If residual noise was 

visibly present on the recording, impedances were manipulated until a favourable recording 

was attained.  

Before starting the SST task, they were presented on screen with the following 

instruction. 

 

 “Remember to respond as FAST as you can once you see the arrow. Press the left mouse 

button if you see the left arrow " < ". Press the right button if you see the right arrow " > ".  

However, if you see an exclamation mark (!), your task is to stop yourself from pressing a 

button.  Stopping and Going are equally important”. 
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The experimenter emphasized to participants that both going and stopping were equally 

important, and also that successfully stopping would not always be possible.  Completion time 

of the SST ranged from 30 to 35 min.  The experimenter did not remain in the testing booth 

but was always readily available to help participants.  After finishing the SST task, participants 

were provided with a STAI-State form to fill out. All the dots (applied during the measuring of 

Fp1 and Fp2) were removed by using skin cleansing swabs (BRIEMARPAK, Australia) after 

finishing the SST task. Upon experiment completion all participants were provided with 

common cosmetic products to clean their face and remove the remaining conducting gel from 

their head. At this point participants were reimbursed $20 in recognition of their discomfort 

and inconvenience. 

2. 6 Data processing and Analysis 

2.6.1 Demographic Data 

Each participant’s number, age, gender, ethnicity and handedness were recorded. Other than 

participant number, no identifying personal details were recorded. Trial and block number, trial 

type (Go or Stop), SSD values, reaction times, staircase index (1-3), staircase moves for each 

staircase, left/right/null responses and inter-trial intervals were also recorded for each trial. 

From these, three summary behavioural measures were calculated for each participant based 

on Aron and Poldrack’s (2006) study: 1) median Go Reaction Time (Go RT; in ms) across all 

trials; 2) mean SSD for middle staircase only (ms); 3) Stop-Signal Reaction Time (SSRT; in 

ms) was computed by subtracting a participant’s average SSD from his/ her median Go RT. 

The participant’s scores on the BIS/BAS, EPQ-Revised and Trait and State anxiety were also 

calculated.  
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2. 6. 2 EEG artefact removal 

Removal of artefacts was completed in three separate stages using a purpose built program in 

Visual Basic 6.  First, all recorded EEG data were low pass filtered (using a simple three point 

running mean) with an effective cut off of 43Hz.  This allowed residual high frequency signals 

(including 50Hz electrical noise) to be omitted from the recordings.   

Second, eye blink artefacts were removed by automatically fitting a template of the 

ballistic components to each eye blink, using a least squares technique, to activity at Fp1 

(Mitchell, 2008; Neo et al., 2011).  

“To remove eye blinks, the optimised template (which was set to have a baseline of 

zero) and the EEG from a channel were submitted to least squares linear regression.  

The template was then multiplied by the slope co-efficient and subtracted from the 

channel leaving an estimate of the underlying EEG signal.  Note that this scaling not 

only adjusts for variation in the size of the eye blink component from channel to channel 

but also (via the sign of the slope coefficient) delivers appropriate results even when 

the eye-blink component of a channel is inverted, as it can be at posterior sites”  

        (Mitchell, 2008, p. 183). 

The original EEG record of the Fp1 channel was maintained with the ‘clean’ EEG 

record (i.e. once the automated procedure had been completed) for the remaining channels. The 

experimenter used this to check the operation of the eye blink removal routine. They also 

removed ocular EEG artefacts that were not detected by the automated procedure and remained 

in the record, replacing their values with missing value markers.  Artefacts due to muscle 

movement or saccades were also identified and deleted by replacing their values with missing 

value markers. Replacement with missing values was always carried out across all channels. 
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Figure: 2.2 Examples of raw EEG (blue lines) and after automated removal of eye blink 

artefacts (black lines). Upper panel: example of variation among eye blink artefacts within one 

participant. Lower panel: corrected trace superimposed on original trace. 

 

2. 6. 3 Spectral power post-processing – Stop trials & Go trials 

All data from the EEG record were first converted to calibrated microvolt values before 

undergoing further processing. The 0.5s period after the tone in a Stop trial was assigned (see 

next paragraph) a power spectrum. The early, intermediate and late SSD trials obtained in the 

period after responding had converged at 50% Pinhibit were then averaged separately.  

Power analysis was carried out via a nominal overlapping Hanning window. For this, 

all periods of interest – in this case the 0.5s after the stop signal in the Stop trials - are assigned 

a power spectrum derived from a period that is one second long (128 EEG samples). This 1s 

has 0.25s leading the period of interest and 0.25s trailing it, with the main power coming from 

the middle 0.5s. The overlapping Hanning window is a cosine wave applied to the 1s and so 

extracts maximum power from the middle 0.5ms period, and least amount of power from the 

two 0.25ms periods. The procedure was essentially the same for go trials, except that the 
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Hanning window centred on the 0.5s duration where the stop signal had been presented in an 

immediately adjacent stop trial.  

The data were then Fast Fourier Transformed before being further processed.  The 

power data were log transformed to normalize error variance. 

  

2. 6. 4 Statistical Analyses – Analysis of Variance (ANOVA) 

Factors of interest that were included in the analyses were the SSD (early, intermediate, late), 

frequency (4-12Hz), trial type (Stop and Go), and frontal channels (F7, F3, Fz, F4, and F8). As 

Neo et al., (2011) observed GCSR power at F8 and McNaughton et al., (2013) found anxiolytic 

drug effects at F8, our main focus was on the F8 electrode. ANOVA’s were performed using 

the IBM SPSS package 21. The central statistic of interest based on our hypotheses was to 

observe the specific EEG power when two goals were equally activated (i.e. stopping versus 

going).  The conflict generated between inhibiting and executing a response would be greatest 

in the intermediate SSD condition (i.e. when the probable of inhibition is approximately 50%); 

and would be less so in the short and long SSD conditions.  The orthogonal quadratic contrast 

that was calculated by SPSS for the SSD factor essentially consisted of comparing the averaged 

log power of the intermediate SSD condition, with the combined average of the short and long 

SSD conditions.  The linear contrast of the different SSD conditions tested the amount of 

variation between the short and long conditions, independently of the intermediate one.  

 

 

 

Table. 2.2 Details of minor procedural variations across different experiments (Number of male 

and females, EEG system, Number of electrodes, visual or auditory stop signal and payment).  

Experiment M/F EEG System channels Stop Signal Payment ($NZ) 

Chapter 4 5/6 Mindset 16 Visual (!) 15 

Chapter5  5/5 BioRadio 8 Visual (!) 15 

Chapter 6 6/8 BioRadio 8 auditory (tone) 15 

Chapter 7 15/19 BioRadio 8 auditory (tone) 0 
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Chapter 8a 16/18 ANT Neuro 32 auditory (tone) *35 

Chapter 8b 9/18 ANT Neuro 32 Visual (!) *35 

Chapter 9 4/4 EGI,Inc 129 auditory (tone) 20 

          *longer testing 
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CHAPTER 3: Pilot behavioural experiments: refining the SST 

3.1. Introduction 

As discussed in detail in Chapter 1, in Aron’s (2006; 2003) version of the SST, the distribution 

of stop signal delays (SSDs) was generated by 4 independent “staircases” each of which moved 

up or down by 50ms after each trial that the staircase was used (failed stopping shifted the SSD 

to an easier value, correct stopping shifted the SSD to a more difficult value). As a result, all 4 

staircases track 50% stopping and converge to the same average SSD. The requirement to sort 

the resultant trials into groups to assess GCSR creates a variety of statistical problems (section 

1.10). As discussed in section 1.12, the ideal solution to these problems is to create an SST 

with three staircases that have short, medium and long SSDs, respectively; and where the 

number of each type of SSD can be controlled. In this chapter, we first discuss ways in which 

this can be achieved and then the results of pilot experiments with a 3-staircase SST. 

A solution to the problems of the 4-staircase SST is suggested by a discussion of SST 

methods by Carter et al (2003). Choosing the stop signal delay (SSD) values is a critical step 

in the stop signal task. In this paper, Carter et al (2003) describe the potential problem if we set 

SSDs to arbitrary fixed values for every participant. Some experimenters use a set of 

predetermined SSD values and keep it fixed for all the participants (Oosterlaan & Sergeant, 

1996; Schachar, Tannock, Marriott, & Logan, 1995). But this procedure is problematic because 

different participants have different mean go reaction times (MRT). For example, participants 

with MRTs of 600ms and 300ms will not interact with the fixed SSDs in the same way.  

Alternatively, stop signal delays can be set from the participant’s stopping performance 

regardless of their go performance (De Jong, Logan, Gratton, & Coles, 1990; Osman, 

Kornblum, & Meyer, 1986, 1990). This is the method used in the 4-staircase SST that we have 
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described already. In this case, the SSD values are initially set at arbitrary values to cover the 

early, middle and late delay periods for all participants – and then adjusted on the basis of the 

participant’s response. This procedure is also problematic because of difficulty measuring the 

inhibition function (Logan, 1994).  

Carter et al., (2003) reviewed existing methods of setting SSD and developed and tested 

a method in which slow and fast SSDs are set as a proportion of the average GO reaction time. 

This has the advantages that: a) the SSDs can be set even before any stop trials are delivered; 

b) short, intermediate, and long values can be set independently and so that they do not overlap; 

and c) the spread between short and long values can be set to any desired amount within the 

limits set by the presentation of the Go stimulus and the occurrence of the Go Response. 

Carter et al., (2003) describe a procedure where spaced out SSD values, set as a 

proportion of GoRT can estimate SSRT from the inhibition function. However, their method 

does not allow tracking of the 50% point for one of the sets of trials and so tracking the GCSR 

maximum. To solve this problem, we decided to set up SSD values for the long and short delays 

based on individual participant’s Go reaction times, as in Carter et al., (2003) experiments; but 

we set the middle staircase to track 50% correct stopping as in Aron et al., (2003), where the 

approach and avoidance tendencies would be the same and so GCSR would be maximal. The 

program used to generate SSDs in the current experiment sets SSDs in a quite different way 

from the 4-staircase SST, but the participant’s experience of the varying SSDs would be 

indistinguishable (with only a modest increase in the spread of SSDs across a large number of 

trials), and so we would expect to get similar EEG results but with much greater control over 

SSD values.  

Four modifications to the previous (Neo et al., 2011) procedures were: 1) inclusion of 

a pure GO pre-training phase; 2) inclusion of a GO reaction time limit; 3) inclusion of feedback 
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(smiley face for correct, frowny face for incorrect); and 4) as described above, the early, 

medium and late SSDs were set as a proportion of the average GO reaction time, with this 

calculated over the previous 16 GO trials so as to track any strategic adjustments. The pre-

training phase not only allowed estimation of the average GO reaction time on which the initial 

SSDs are based but also was expected to set up a pre-potent response tendency that should 

increase the level of conflict when stop trials are introduced. The time limit was intended to 

stop people steadily slowing their GO response to try and succeed in stopping; and was intend 

to eliminate the variation in GO reaction time seen between the previous experiments. The 

feedback was intended to increase the motivational values of correct and incorrect responding 

and so, also, the intensity of conflict. In this 3-staircase SST, the three staircases ran in parallel 

with each other so there was one of each type of staircase within a block of 3 trials, and the 

steps for moving the middle staircase up and down were 30 ms instead of 50 ms and the 

staircase value limited so that it stayed at least 50ms away from the value of the short or long 

staircases. 

The experiment was run as a simple test of the methodology and no EEG data were 

collected. 

3.2. Method 

3.2.1 Participants 

Participants were 4 males and 3 females. They were members of our laboratory who 

volunteered to take part in this experiment.  

3.2.2 Apparatus/Materials 

The apparatus and materials were all as described in the method section in chapter 2.  
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3. 2. 3.  Stop Signal Task (SST) 

As described in chapter 2, this experiment had a visual stop signal based SST.  

3.2.4. Data processing and Analysis 

The behavioural data were collected as described in chapter 2. But this experiment did not 

analyse any demographical data. No EEG data were collected as the purpose was purely to see 

the distribution of SSDs. 

3. 3. Results 

3.3.1 Typical Stop Signal Delay Distribution as shown in a single participant 

As shown for a single case in Figure 2, the resultants SSDs for short and long staircases were 

well separated. The medium staircase was set to start at 45% of GO reaction time but then 

tracked throughout that block depending on the participant’s ability to withhold their responses 

or fail to inhibit them, maintaining a largely consistent position between the two other 

staircases.  

 

Figure: 3.1. Data taken from one participant to illustrate the general pattern of SSDs. Early 

and late “staircases” were controlled by the average GO reaction time over the previous 16 

GO trials and the medium staircase decreased or increased by 30ms depending on whether 

stopping failed or was correct. 

SS
D

s 
(m

s)

Trial Numbers



Page - 42 

3. 3. 2 Percentage Stopping, SSRT value and Percentage of Go Correct  

Table: 3.1 The percentage correct stopping for short, medium and long delays, SSRT and 

percentage of correct choices on go trials across individual participants. Data for two 

anomalous participants are in bold italics (see text). “Current” = average for current data; “Neo” 

= average data taken from Neo et al., (2011); “Stevenson” = average data taken from 

Stevenson (2012). 

Participant 

Number 

Short SSD 

Stopping (%) 

Medium SSD 

Stopping (%) 

Long SSD 

Stopping (%) 

SSRT (ms) Correct Go 

choice (%) 

01 95 54 19 198 98 

02 81 49 9 207 99 

03 90 75 40 190 99 

04 90 50 10 188 97 

05 93 77 43 201 97 

06 95 52 13 195 99 

07 95 52 9 197 100 

Current 91 58 20 197 98 

Neo 75 50 27 202 95 

Stevenson 82 48 15 199 97 

 

As shown in Table 3.1, the percentage of inhibition was approximately 50% for the middle 

staircase except for two participants with values of 75% or over, which moved the percentage 

from 50% to 58%. These two participants had similar results to the others for short SSD and 

for SSRT but also showed high percentages for long SSDs. This suggests that, in their case, 

the initial Go reaction time was much higher than the other participants. One of the anomalous 

participants had a maximum Go reaction time of 1300ms and the other was over 1000ms. 

Comparing the averaged data to previous experiments in the laboratory with the 4-staircase 

SST (see table 3.1), the short delay value was 91.29% for this experiment, while Stevenson 

(2012) study showed 82% and Neo et al., (2011) study gave 75%. The medium delay value 
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was 58.43% in compare to 48% in Stevenson’s (2012) study and 50% in Neo et al.’s (2011) 

study. However, long delay was 20.43% compared to 15% in Stevenson (2012) and 27% in 

Neo et al., (2011). The averaged SSRT value was 196.58 while in Stevenson (2012) experiment 

this was 199.41 ms and Neo et al., (2011) experiment showed 202 ms. The percentage of correct 

Go trials was 98.36% which showed improvement from the previous Neo et al., (2011) 

experiment and Stevenson (2012) experiment. 

3. 3. 3 Comparison of SSD distribution with Previous Results (Single Participant) 

The data for two individual participants, after sorting into short, medium and long SSDs, are 

presented in figure 3.2, as examples. In a participant from the current experiment (Figure 

3.2.A), the staircases are delivering 3 distinct, non-overlapping, types of SSDs and equal 

number of trials. However (Figure 3.2B), in the raw data of a participant provided by 

McNaughton et al (2013) there are unequal numbers of trials for the three different trial types 

and no clear separation between them.  

 

3. 4. Discussion 

The main findings from this experiment were that three separate SSD distributions were 

produced automatically – removing the need to sort trials into groups using adjustable, and to 

some extent subjective, criteria. Furthermore, this experiment provided equal numbers of trials 

of each type, which was more desirable statistically. The SSRTs were generally similar 

between the experiments although the procedure for estimating SSRT in the current 

experiments was somewhat different (being based solely on the medium staircase). Though our 

estimation of SSRT was not ideal (being based on only one third of the stop trials), it seems 

reasonably accurate, at least on a group basis. The percentage of inhibition at each delay was 

somewhat increased in this experiment compared to the other studies. The reason for this could 
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be the inclusion of the two anomalous participants, who knew about the structure of the 

paradigm. Nonetheless, this experiment’s findings provide reason to proceed further. 

 

Figure: 3.2. Distributions of SSDs from two single participants. A. A participant in the 

experiment reported in this chapter with the SSD groups defined by the short (20% Go RT, 

white), intermediate (tracking, grey) and long (70% Go RT, black) “staircases”. B. A participant 

in the experiment reported by McNaughton et al., (2013), with the raw data provided by 

McNaughton et al (2013) and the SSDs generated by the 4 independent tracking staircases 

and divided into short, intermediate and long SSD groups post hoc with the grouping values 

chosen as far as possible to deliver similar numbers of trials in each group. Note the similar 

minimum and maximum SSD values in the two cases. 
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CHAPTER 4: Assessing goal conflict specific rhythmicity (GCSR) in the 

three-staircase SST  

4. 1 Introduction 

As discussed in chapter 3, setting SSD values with short and long “staircases” based on mean 

GO reaction time and the medium staircase tracking 50% stopping gave us three non-

overlapping groups of SSDs. The hypothesis (see section 1.12) was that these changes in SSD 

distribution would provide larger amplitude right frontal goal conflict-specific rhythmicity 

(GCSR). The current chapter reports an experiment designed to test this hypothesis.    

4.2 Method  

4. 2. 1 Participants 

There were 11 participants, 6 of them were female and 5 male, aged 18-25 years. They were 

recruited through Student Job Search. They all were reimbursed $15 for their participation. 

They all reported no psychological disorders and were right handed (see Chapter 2). They all 

read the information sheet and signed the consent form for the experiment (See Appendix A) 

before participating. This experiment was approved by the Department of Psychology of the 

University of Otago on behalf of the University of Otago Human Ethics Committee (approval 

number: DP 10/07). Two participants were excluded due to excessive artefacts in their EEG 

data. One participant (M, 26 years) was excluded because he had over 20% artefacts in his 

recording and another participant (F, 25), because she had over 25% artefacts in her EEG 

recording. 
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4. 2. 2 Questionnaires 

The Eysenck Personality Questionnaire-Revised (EPQ-R) (Eysenck & Eysenck, 1991); the 

Spielberger State-Trait Anxiety Inventory (STAI) Y-form (Spielberger, Gorusch, Lushene, 

Vagg & Jacobs, 1983); and the Behavioral Activation System/Behavioral Inhibition System 

(BIS/BAS) (Carver & White, 1994) questionnaires were administered to all participants. The 

demographic data were analyzed for the correlation between personality and right frontal 

conflict specific GCSR.  

4. 2. 3 EEG recording/Testing/Procedure 

An Electrocap (Electro Cap International, USA) was connected to the Mindset Model MS-

1000 hardware system (Nolan Computer Systems, USA) which captured, amplified, and 

digitized the brain electrical activity. Activity was sampled at 128 Hz.  Band pass filters 

recorded electrical signals between 1.8 – 36 Hz frequencies. The testing area and testing 

procedures are described in chapter 2 (General Methods).  

Three sizes of Electrocap mounted with pure tin electrodes were available for testing 

participants. The caps ranged from large (to fit head circumference 58cm-62cm), to medium 

(54cm-58cm), and small (50cm-54cm).  Electrodes on the cap were arranged according to the 

International 10-20 electrode placement system.  For 16 channel recording, electrical activity 

from the brain was recorded from F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6 

sites. With the BioRadios, where only 8 channels were available, a subset of these was used 

including F7, F3, Fz, F4, F8 as indicated in the relevant chapters.  Electrical activity recorded 

at Fp1 was used to identify artefact resulting from eye-blinks.  All electrode recordings were 

referenced against the linked activity from both ear lobes recorded via two pure tin ear 

electrodes (A1 and A2).  All electrodes were filled with Electro-gel (Electro Cap International, 

USA) - a conducting gel that facilitated the recording of brain electrical activity.  The gel was 

inserted into the electrodes using a 3ml syringe and a Precision Glide 16 gauge blunt needle 
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(Becton & Dickenson & Co, USA).  A General Devices impedance meter was used to measure 

impedance at each electrode (EIM107-37A, USA).  We reduced the impedance to below 5 KΩ 

by gentle abrasion using the blunt needle to remove, e.g., dead skin from the scalp.  

 

4. 2. 4 Stop Signal Task (SST) 

Most of the parameters of SST were the same as described in chapter 2, but the stop signal was 

presented visually as in Chapter 3.   This experiment had a maximum Go reaction time for 

providing feedback of individual standard go reaction time × 1.3 and the long SSD was set at 

70% of GoRT as in Chapter 3. 

4. 2. 5 EEG data analysis 

The EEG data analysis procedures were as described in chapter 2.  

4. 3 Results 

4. 3. 1 Demographic Data 

The average median RT for successful Go trials was 370.85 (S.D. 35.86) ms. The stop signal 

reaction time (SSRT) value was 199.86 (S.D. 15.02) ms. Table 4.1 shows these values with 

versions of the 3-staircase SST in our laboratory for comparison (see discussion section 4.4). 

For the short delay, the average for correctly inhibited trials was 90.59%, for the medium delay 

it was 48.59% (close to the 50% inhibition point) and for the late delay the value was 9.94%. 

On go trials, participants performed the task very well: the percentage of correct right/left 

mouse button clicks was 98% on average. 
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Table: 4.1 Comparison of Reaction Time Data between different versions of the SST. 1) Data 

from the present study in which SSDs were determined by 3 distinct staircases with the 

intermediate staircase tracking 50% stopping in steps of 30ms. 2) Data from Stevenson (2012) 

in which the procedures were the same as Neo et al., (2011) except that staircase steps were 

100ms when moving away from the 50% point and 50ms when moving towards it. 3) Data 

from Neo et al., (2011) in which four independent staircases tracked 50% stopping in steps of 

50ms. 

 

                                                    1.  Present Study  2. Stevenson (2012)    3. Neo et al.,(2011) 

Go Trial Accuracy                 98%                              97%                               95% 

Average Go RT                    370.85 ms                   443.42 ms                       447.76 ms 

SSD                                      170.82 ms                    244.01 ms                      252.23 ms 

SSRT                                    199.86 ms                   199.41 ms                        202.00 ms 

 

 

4. 3. 2 Stop power, Go power and their difference – descriptive statistics 

Stop-signal related power was observed in block-1 at F7 to F8 through the frequency range of 

4-12 Hz – as shown by the Stop-Go power difference (top panel of fig 4.1). A similar difference 

was seen in block-3 (top panel of fig 4.2), where we also found relatively higher power in the 

medium SSD at F7 in 4 Hz and 9-11 Hz and at F3 in 4-5 Hz and 7-8 Hz compared to other 

frontal electrodes (see section 4.3.3). 
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Figure: 4.1 Variation in log transformed Fourier spectrum power for Stop, Go, and Stop-Go 

trials (panels B, C, and A respectively) in block-1 of the SST. Each bar represents the log 

power for early, intermediate and long SSD trials, respectively. Variations are shown in 1Hz 

steps (the limit of the transform) for 4-12 Hz) across the F7, F3, Fz, F4 and F8.  

 

Figure: 4.2 Variation in log transformed Fourier spectrum power for Stop, Go, and Stop-Go 

trials (panels B, C, and A, respectively) in block-3 of the SST. Each bar represents the log 

power for early, intermediate and long SSD trials, respectively. Variations are shown in 1Hz 

steps (the limit of the transform) for 4-12 Hz) across F7, F3, Fz, F4 and F8. 
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4. 3. 3 Conflict Specific Effects 

Effects specific to the stop signal were assessed as stop-go differences. Stop-specific effects 

specific to goal-conflict (i.e., GCSR) are detected statistically using the quadratic component 

of the variation in power with SSD. This was calculated for graphical purposes by subtracting 

the average power for the short and long SSDs from the power of the intermediate SSDs. Figure 

4.3 displays GCSR as the stop-go difference in the quadratic component of SSD type across 

frequencies at F7, F3, Fz, F4 and F8. 

 

Figure: 4.3 Variation in GCSR assessed as the stop-go x quadratic of SSD contrast of log-

transformed Fourier power averaged across all participants separately for block-1 (upper 

panels) and block-3 (lower panels) at F7, F3, Fz, F4 and F8. GCSR is calculated by subtracting 

the average stop-go power of intermediate SSD trials (grey panels in two previous figures) 

from the average of the short and long SSD trials (white and black panels in two previous 

figures). The scale of the GCSR axis is set to match Neo et al., (2011). 

F7, F3, Fz, F4 and F8 were chosen because they were sites where conflict effects had 

previously been detected (Neo et al., 2011). Past studies assessing goal-conflict processing 

during the SST found the conflict effect to be largest at F8 and in the GCSR 4-12Hz range. 

Therefore, the current analysis of goal-conflict effects will focus on quadratic activation of 

GCSR rhythm 4-12Hz at F8.  

As can be seen in Figure 4.3, positive GCSR does not occur at F8 in block-1. There 

may have been some positive GCSR at F7 but this was not significant. In block-3, there may 
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have been a slight GCSR at F8 and there appeared to be a tendency to positive GCSR at some 

frequencies particularly on the left side of the brain. However the GCSR effect, averaged across 

channels, did not achieve significance (Stop-Go x SSD, linear x quadratic, F(1, 11) = 1.039, p 

= 0.332) and there was no evidence of significant differences in this effect across channels. 

4. 3. 4 Relation of F8 GCSR to personality 

There were no significant correlations of GCSR with Neuroticism or Trait anxiety – although 

it should be noted that the number of participants was very small (N = 11), so the power to 

detect any correlations would be very low unless the expected correlations are close to 1 and 

the size of the correlations is very unstable.  

 

Figure: 4.4. Correlation between GCSR at F8 and Neuroticism and Trait Anxiety. The left panel 

shows GCSR at F8, the middle panel shows the correlation with neuroticism and the right 

panel shows the correlation with trait anxiety. 

As shown in figure 4.4, trait anxiety may have had a positive relation to GCSR power at F8 

however neuroticism had no positive correlation with GCSR at F8.   
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4. 4 Discussion  

The main result of the current experiment (Figure 4.3) is that at F8 there may have been a small 

GCSR (positive conflict effect) in block-3, but not in prior blocks; but this was not as large as 

in previous versions of the SST. There appeared to be a more substantial GCSR at F7 to Fz.  

As shown in table 4.1, the participants of this study had good Go trial accuracy. But 

average Go reaction time (RT) (and so SSD) was lower than in the two previous studies. 

However, SSRT was very similar, suggesting that tracking by the middle staircase in the 3-

staircase SST is similar to that of the staircases of the 4-staircase SST. However, the average 

Go reaction time was substantially smaller in the current experiment compare to that of 

previous experiments (Neo et al., 2011; Stevenson, 2012).  The reason could be that we 

provided participants feedback (“slow!!”) depending on their maximum Go reaction time 

(individual standard reaction time × 1.3ms), which forced them to perform the task too fast. 

 We got a separated SSD distribution as expected, the values of which were also like 

the earlier experiment (chapter 3).   

4. 4. 1 Comparison of the Conflict Effect  

Our primary hypothesis was that if we set up short and long SSD values for a particular 

trial based on the participant’s current Go reaction time, then this would produce distinct groups 

of SSD values and so a strong GCSR signal. Our findings from this study failed to support the 

predicted hypothesis about GCSR. 

Figure 4.5 shows a direct comparison between the studies carried out in our laboratory 

using different versions of the SST. The current study produced a weaker GCSR than that of 

Neo et al., (2011) study but a similar maximum value to Stevenson (2012). Stevenson (2012) 

obtained a peak at 8 Hz while the current study obtained a peak at 7 Hz. The current study 
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appeared to produce GCSR from frequency 4-9 Hz while the other two studies produced GCSR 

only in the range 6-8Hz.  

The weak conflict effect in the current study was unexpected. One possible cause is the 

short reaction time, which is likely to be due to our inclusion of feedback whenever the GoRT 

went above 1.3 times the pre-training GoRT. This shorter go reaction time would narrow the 

range of short and long SSDs from the intermediate SSD, which might make the signal weaker. 

In addition to this, this study recruited only 11 participants with potentially unstable results.  
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Figure 4.5: Comparison of goal conflict specific power at F8 between Neo et al., (2011), 

Stevenson’s (2012) and the current auditory SST experiment (Chapter 6). The upper panel, 

shows F8 quadratic power from Neo et al., (2011), and the middle panel from Stevenson’s 

study (2012) with both graphs taken from Stevenson (2012). . The bottom figure represented 

the quadratic component at F8 from the current experiment during block three with a least 

squares quartic polynomial fitted to the data for consistency with the upper panels. The power 
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curve for the Chapter 4 data appears to follow a similar nonlinear trend to the previous 

experiments. 

The weak conflict effect in the current experiment coupled with the unusually short Go 

reaction times observed in this experiment lead us to make changes to the go reaction time 

criterion, which are described in the following experiment.  
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CHAPTER 5: Modifying the visual 3-staircase SST to increase GCSR 

5.1 Introduction 

The 3-staircase visual stop signal task in chapter 4, produced a smaller and narrower band 

GCSR at F8 than hoped for. The spread of SSDs between the short, intermediate and long SSD 

groups was not big and it did not track larger changes among adjacent trials from the medium 

SSDs. As our intention was to extract a substantially larger and broader GCSR compared to 

the 4-staircase SST (Neo et al., 2011), we modified some of the 3-staircase SST parameters in 

the present experiment: increasing the maximum Go reaction time value and so increasing the 

potential spread between the short and long SSDs; and increasing the long SSD to 80% of 

ongoing GoRT. 

The reason for making the GoRT feedback-related change was to allow participant’s 

response strategy to slightly increase the Go reaction time. Since short and long SSDs were 

determined as a proportion of GoRT, this increased Go reaction time would spread out both 

long and short SSDs from each other and potentially increase their separation from the 

intermediate SSDs. In addition to this, this increased Go reaction time would allow greater time 

for information to circulate through the relevant networks and so potentially increase the 

amount of rhythmicity generated. The reason for increasing long SSDs was to further spread 

out the long staircase from the medium staircase, which would produce broad band GCSR. The 

hypothesis was that increased spread of the short and long SSDs should allow extraction of 

larger GCSR by sampling a greater width of the underlying inverted-U power curve (Section 

1.12).  
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5. 2 Method 

5.2.1 Participants 

There were 16 participants recruited through Student Job Search (SJS). We excluded 2 

participants’ data due to artefacts in the data, leaving 7 female and 7 male participants, age 

ranging from 18-25 years. They all were right handed and no previous psychological disorders 

reported. They provided informed consent prior to participation. This experiment had ethical 

approval from the Department of Psychology on behalf of the Otago University Human Ethics 

Committee (Approval number: DP 10/07). 

5.2.2 Stop Signal Task 

The parameters of the SST were as described in chapter 2 except for two details. Maximum Go 

reaction time, i.e. the value at which feedback was provided, was changed from individual pre-

training go reaction time  1.3 to individual pre-training go reaction time  1.5. For this 

experiment, we used a visual (!) stop signal as in the experiments in chapter 3 and 4. We also 

changed the long staircase value from 70% to 80% of ongoing GoRT.  

5.2.3 EEG data recording 

This experiment used a BioRadio150 (CleveMed Medical Devices Inc. USA) to collect data 

from participants. The electrode cap and other aspects of data acquisition remained the same 

as in Chapter 4 except that the band pass filter was 2-48Hz. 

5.2.4 Procedure 

The procedure for presenting stimuli and the SST were as described in chapter 2.  

5.2.5 Data Analysis 

The data analyses for both the behavioural and EEG data were as described in chapter 2.  
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5.3 Result 

5.3.1 Demographic data 

The mean demographic data are shown in the table 5.1. The Go reaction time was 471 ms and 

SSRT was 221 ms. The mean percentage of inhibition in short, medium and long SSDs were 

91.9%, 50.34% and 9.94% respectively. The average neuroticism scores were 9 and trait 

anxiety scores were 35.   

 

Table: 5.1 Average demographic data for visual 3-staircase SST experiment. M/F= Number 

of male and female participants per group; Go_RT= go reaction time on Go trials in ms; SSRT= 

stop signal reaction time (Mean SSD on the intermediate staircase subtracted from median 

go reaction time); Pinhibit = Probability of inhibition on STOP trials; Neur = EPQ Neuroticism; 

Extr = EPQ Extraversion, PSY = EPQ Psychotism, STAI-T = Spielberger trait anxiety; BIS = 

scores on the Behavioural Inhibition questionnaire; BAS = scores on the Behavioural 

Activation questionnaire. 

 

 

5.3.2 Stop power, Go power and their difference – descriptive statistics 

Substantial Stop-Go power was observed in both block-1 and block-3 (top panels of fig 5.1, 

5.2). GCSR was observed in block-1 at F8 throughout the frequency range of 4-12 Hz (top 

panel of fig 5.1) in that the power with the medium SSD was significantly greater than for the 

adjacent short and long SSD trials. This Stop-Go difference was due to conflict specific 

activation in Stop trials (middle panel of fig 5.1) rather than in Go trials. While GCSR was 

clearest at F8 it was also observable at F7 to F4.  

Age M/F EPQ  BIS  BAS  STAI-T  GO_RT  SSRT Pinhibit %

 Neur  Extr  Psy short medium long

19.21  7/7 9 16 5 14 24 35 471 221 91.90 50.34 9.94
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Figure: 5.1. Variation in log transformed Fourier spectrum power for Stop, Go, and Stop-Go 

trials (panels B, C, and A respectively) in block-1 of the SST. Each bar represents the log 

power for early, intermediate and long SSD trials, respectively. Variations are shown in 1Hz 

steps (the limit of the transform) for 4-12 Hz) across the recording sites F7, F3, Fz, F4 and F8. 

As shown in figure 5.2, we also observed GCSR in block-3 of the SST in the range 4-

12 Hz across channels ranging from F7 to F8. As with Blokc-1, this GCSR power was mainly 

due to activation in stop trials at the medium SSDs. 
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Figure: 5.2. Variation in log transformed Fourier spectrum power for Stop, Go, and Stop-Go 

trials (panels A, B, C, respectively) in block-3 of the SST. Each bar represents the log power 

for early, intermediate and long SSD trials, respectively. Variations are shown in 1Hz steps 

(the limit of the transform) for 4-12 Hz) across the recording sites F7, F3, Fz, F4 and F8. 

 

5.3.3 GCSR in the visual SST - ANOVA 

Goal conflict-specific rhythmicity (GCSR) power, calculated as the stop-go x quadratic of SSD 

interaction (i.e. the difference between the grey bar and the average of the black and white bars 

in the top panel of figures 5.1 and 5.2), is plotted in figure 5.3. GCSR appeared clear from F7 

to F8 in block-1 but did not achieve significance (Stop-Go x SSD, linear x quadratic, F(1, 13) 

= 2.45, P = 0.141). There appeared to be greater GCSR at F7 and F8 than Fz, but this also did 

not achieve significance (Stop-Go x SSD x channel, linear x quadratic x quadratic, F(1, 13) = 

2.74, P = 0.122). The complex variations in GCSR with frequency comparing F7 and F3 with 

F8 and F4 (Stop-Go x SSD x frequency x channel, linear x quadratic x order 5 x inear, F(1, 13) 

= 4.74, P = 0.048) and comparing among the frontal channels (Stop-Go x SSD x frequency x 

channel, linear x quadratic x order 7 x cubic, F(1, 13) = 10.19, P<0.01 uncorrected, P = 0.22 

adjusted for total number of contrasts tested) demonstrated individual significance but given 

the complex and unpredicted patterns concerned do not survive Bonferroni correction. In 

block-3, positive GCSR values were generally obtained but appeared smaller than in block-1 

and, although somewhat more reliable, did not achieve significance (Stop-Go x SSD, linear x 

quadratic, F(1, 13) = 2.9, P = 0.112). As with block-1. there appeared to be somewhat greater 

GCSR at F7 and F8 than Fz, but, while again more reliable than in block-1, this also did not 

achieve significance (Stop-Go x SSD x channel, linear x quadratic x quadratic, F(1, 13) = 

3.363, P = 0.090) nor did the trend to more GCSR at F8 than F7 (Stop-Go x SSD x channel, 

linear x quadratic x linear, F(1, 13) = 3.970, P = 0.068). However, the greater GCSR at F8 than 

at other channels appeared reliable (Stop-Go x SSD x channel, linear x quadratic x order 4, 
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F(1, 13) = 6.83, P = 0.021, uncorrected) and is consistent with predictions. There was some 

evidence for greater GCSR at specific frequencies for some channels (Stop-Go x SSD x 

frequency x channel, linear x quadratic x order 8 x cubic, F(1,13)=13.09, p<0.01) . No GCSR 

was observed in block-2 (data not shown).  

We carried out a separate post-hoc analysis of our main interested right frontal channel 

F8. This did not achieve significance in block-1 (Stop-Go x SSD, linear x quadratic F<1; Stop-

Go x SSD x frequency, linear x quadratic x order 7, F(1, 13) = 3.23, p = 0.092, linear x quadratic 

x linear, F(1, 13) = 2.95, p = 0.106), but varied significantly with frequency (showing higher 

values at high, low and intermediate frequencies) and  in block-3 (Stop-Go x SSD x frequency, 

linear x quadratic x order 4, F(1, 13) = 21.84, p < 0.01). 

 

 

Figure: 5.3. Variation in GCSR assessed as the stop-go x quadratic of SSD contrast of log-

transformed Fourier power averaged across all participants separately for block-1 (upper 

panels) and block-3 (lower panels) at F7, F3, Fz, F4 and F8. GCSR is calculated by subtracting 

the average stop-go power of intermediate SSD trials (grey panels in two previous figures) 

from the average of the short and long SSD trials (white and black panels in two previous 

figures). 
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5.4 Discussion 

The key finding from the current experiments is the observation of GCSR at F8, which ranged 

from 4-12Hz and occurred in both block-1 and block-3 with visual SST. Our greater spread 

between the short and long SSDs generated a wide and largely symmetrical separation of 

percent stopping values (92%, 50%, 10%), which appears to have both increased GCSR power 

as predicted and to have widened its frequency range to 4-12Hz. This is the first evidence of 

GCSR with a similar range to rhythmical slow activity (RSA) (Zhu & McNaughton, 1991, 

1995), i.e. spanning the conventional theta and alpha EEG bands. 

There are a number of possible reasons why we got a larger and broader frequency 

spectrum GCSR in this chapter compared to that of chapter 4. The most obvious difference was 

that relaxing the GoRT limit increased Go reaction time from 370ms in chapter 4 to 471ms in 

the current experiment. Increased Go RT provides more time to complete recursive processing 

in the BIS (Neo et al., 2011) and also allows an increase in the distance between short and long 

SSD delays from the medium delays potentially reducing the amount of conflict power being 

generated in the short and long delays and so increasing the difference between them and the 

medium delays.  

In Neo et al., (2011), conflict power was limited to 7-8Hz and was about one third of 

the current amplitude. We compared GCSR power between the current experiment and Neo et 

al., (2011) in figure 5.4. Neo et al., (2011) with the 4-staircase SST produced GCSR only at 7-

8 Hz, while Stevenson’s (2012), using a slightly modified 4-staircase SST produced GCSR 

only at 6-8 Hz. The current experiment obtained GCSR with a range from 4-12 Hz and 

amplitude almost three times that obtained previously – although the size should be treated 

with caution given the small number of participants. So, expanding the SSD spread in the new 

3-staircase version of the SST produced a larger and broader band GCSR that was similar to 

that expected of RSA (Gray, 1982; Gray & McNaughton, 2000).  
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Figure: 5.4. Comparison in conflict effects at F8 between Neo et al., (2011) and the current 

experiment. The upper panel is taken from Neo et al., (2011) and the lower panel data taken 

from the current experiment with a least squares quartic polynomial fitted to the data for 

consistency with the upper panel. The power curve for the Chapter 5 data appears to follow a 

similar nonlinear trend to the previous experiments with an additional linear component (least 

squares linear trend shown).The main change is a general increase across the frequency 

spectrum.  
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Neo et al., (2011) and Stevenson (2012) used an auditory stop signal in their SST. So, 

in the following experiment, we tested an auditory stop signal in 3-staircase SST to allow a 

direct comparison with Neo et al., (2011) and Stevenson (2012).  
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CHAPTER 6: Assessing GCSR in an auditory 3-staircase SST 

6.1 Introduction 

The visual stop signal task, in chapter 5 (unlike that in chapter 4), produced a larger amplitude 

and broad band GCSR at F8, as expected, than the previous auditory version of the same task 

(Neo et al., 2011; Stevenson, 2012). Neo et al., (2011) and Stevenson’s (2012) used an auditory 

stop signal in their SST. In order to make a direct comparison with their task, therefore, this 

present experiment tested the same auditory stop signal as used previously in a version of the 

SST that was otherwise identical to that of the previous chapters. The primary aim of this 

experiment was to test whether the auditory stop signal in the modified SST elicits the same 

large, broad band GCSR as the visual signal. The secondary aim was to directly compare the 

results of the new SST procedure with the previous Neo et al., (2011), Stevenson (2012) and 

McNaughton et al., (2013) data. The hypotheses were that the auditory SST would produce the 

same large, broad GCSR as the visual SST and that this GCSR would be positively correlated 

with threat-related personality measures like neuroticism and trait anxiety as in previous 

auditory SSTs. 

6. 2 Method 

6.2.1 Participants 

There were 14 participants for the auditory SST (8 female, 6 male), with age ranging from 18-

25 years. All participants were recruited through Student Job Search (SJS), were right handed, 

and reported no previous psychological disorders. They provided informed consent prior 

participation. This experiment had ethical approval from the Department of Psychology on 

behalf of the University of Otago Human Ethics Committee (approval number: DP 10/07). 
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6.2.2 Stop Signal Task 

Most of the parameters of the SST were the same as described in chapter 2. The key parameters 

were: use of an auditory stop signal (a tone), setting of maximum Go reaction time to individual 

pre-training go reaction time  1.5 for providing feedback, and the setting of the long SSD to 

80% of GoRT. Other than the use of an auditory stop signal all aspects of the SST were as in 

chapter 5.  

6.2.3 EEG data recording 

This experiment used BioRadio150 (CleveMed Medical Devices Inc. USA) to collect data from 

participants. The Electrocap and other aspects of data acquisition remained the same as 

described in chapter 5. The band pass filter was 2-48Hz.  

6.2.4 Procedure 

The procedure for presenting stimuli and the SST remained the same as described in chapter 2 

except for the use of an auditory stop signal instead of a visual stop signal.  

6.2.5 Data Analysis 

The data analysis for both behaviour and EEG was the same as described in chapter 2.  

6.3 Result 

6.3.1 Demographic data 

The mean demographic data are shown in table 6.1. The mean Go reaction time was 456ms 

and Stop signal reaction time was 220ms. The mean percentage of inhibition for short, medium 

and long SSDs were 80.6%, 52.03% and 12.2% respectively. The average neuroticism score 

was 13 and trait anxiety score was 37.   
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Table: 6.1 Average demographic data for the 3-staircase auditory SST. M/F= Number of male 

and female participants per group; Go_RT= go reaction time on Go trials in ms; SSRT= stop 

signal reaction time (Mean SSD on the intermediate staircase subtracted from median go 

reaction time); Pinhibit = Probability of inhibition on STOP trials; Neur = EPQ Neuroticism; Extr 

= EPQ Extraversion, PSY = EPQ Psychotism, STAI-T = Spielberger trait anxiety; BIS = scores 

on the Behavioural Inhibition questionnaire; BAS = scores on the Behavioural Activation 

questionnaire. 

 

 

6.3.2 Conflict specific activation for auditory based SST 

 

 

Figure: 6.1. Variation of the stop-go x quadratic of SSD contrast component of log Fourier 

transform power averaged across all participants for auditory SST. The value plotted was 

obtained by first subtracting power at the matching point in the preceding go trial from power 

in the stop trial and then taking this value for medium SSD trials and subtracting the average 

value for the short and long SSD trials.  

Figure 6.1 shows the variation in GCSR power (i.e. the contrast of stop-go x quadratic of SSD) 

in this experiment. GCSR seems to be positive at most of the frequencies (except with Fz) in 

block-1. However the overall effect did not achieve significance (Stop-Go x SSD, linear x 

quadratic, F(1, 13) = 1.135, p = 0.306. Averaging across channels there was greater GCSR at 

lower frequencies and a tendency to the lowest GCSR values being at intermediate frequencies 

Age M/F EPQ  BIS  BAS  STAI-T  GO_RT  SSRT Pinhibit %

 Neur  Extr  Psy short medium long

21.7  6/8 13 14 7 15 24.4 37 456 220 80.0 52.0 12.0
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(Stop-Go x SSD x frequency, linear x quadratic x linear, F(1, 13) = 6.43, p = 0.025, linear x 

quadratic x quadratic, F(1, 13) = 6.43, p = 0.025). The shape of the frequency curve for GCSR 

power varied with channel (Stop-Go x SSD x frequency x channel, linear x quadratic x 

quadratic x cubic, F(1,13) = 5.94, p=0.03, linear x quadratic x order 4 x cubic, F(1,13) = 9.65, 

p<0.01, linear x quadratic x order 6 x cubic, F(1,13) = 5.58, p = 0.034). 

GCSR appeared more consistent in block-3 (Stop-Go x SSD, linear x quadratic, F(1,13) 

= 5.61, P = 0.034) with a small number of low values close to middle frequencies (Stop-Go x 

SSD x frequency, linear x quadratic x cubic, F(1,13) = 6.93, P = 0.021) and somewhat lower 

values and greater variations with frequency towards the midline (Stop-Go x SSD x channel, 

linear x quadratic x quadratic, F(1,13) = 4.82, P = 0.047; Stop-Go x SSD x frequency x channel, 

linear x quadratic x cubic x quadratic , F(1,13) = 6.92, p = 0.021)  

There were no GCSR effects in block-2 (data not shown here).  

F8, analysed separately post-hoc, showed no significant effects of GCSR in block-1 

(Stop-Go x SSD, linear x quadratic, F<1; Stop-Go x SSD x frequency, linear x quadratic x 

linear, F(1,13) = 2.14, p = 0.167). However there was significant overall GCSR in block-3 

(Stop-Go x SSD, linear x quadratic, F(,1 13) = 7.43, P = 0.017) with a tendency to separate 

power peaks in the region of 5 and 11 Hz (Stop-Go x SSD x frequency, linear x quadratic x 

order 4, F(1,13) = 4.85, p < 0.05). 
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6.3.3 Correlation with neuroticism and trait anxiety 

 

Figure: 6.2. Correlation between conflict specific power at F8 and neuroticism and trait anxiety 

scores in the auditory based SST. The left panel shows GCSR at F8, the middle panel shows 

the correlation coefficient of GCSR, at each frequency, with neuroticism and the right panel 

shows the equivalent correlation coefficients for trait anxiety. 

 

Figure 6.2 shows the variation with frequency in the correlations of F8 GCSR power with 

neuroticism and trait anxiety scores. For block-1, conflict-specific rhythmicity approached a 

significant correlation with neuroticism scores at 6-7 Hz (maximum r (14) = .401, p = 0.07); 

but not with the trait anxiety measures (maximum r(14) = .235, p = 0.12). For block-3, the trait 

anxiety scores were correlated significantly with F8 at 4 Hz and 10-11 Hz (maximum r(14) = 

.719, p < 0.01) and approached a significant correlation with neuroticism at 9-10 Hz (maximum 

r(14) = .382, p = 0.089).  

 In order to reduce the multiple testing in our analysis, we also averaged GCSR power 

across 5-9Hz (when GCSR power values were large in block-1) and correlated this single 

power value with neuroticism and trait anxiety scores. In block-1 and block-3, GCSR was 

positively but non-significantly correlated with neuroticism (r (14) = 0.38, p = 0.089 in block-
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1 and r (14) = 0.12, p = 0.35 in block-3) and trait anxiety scores (r (14) = 0.11, p = 0.37 in 

block-1 and r (14) = .37, p = 0.09 in block-3). 

 

6.4 Discussion 

The main result of the current experiment was increased GCSR at F8 as predicted, which 

ranged from 4-12Hz in block 1 & 3 but not block-2 of the auditory SST, similarly to the visual 

SST in chapter 5. In Neo et al., (2011) GCSR was limited to 7-8Hz and to about half the current 

values. In McNaughton et al., (2013) placebo GCSR occurred at 9-10 Hz. Our greater spread 

between the short and long SSDs appears to not only elicit increased GCSR power, but also to 

have widened its frequency range.  
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Figure: 6.3. Comparison of goal conflict specific power at F8 between Neo et al., (2011), 

Stevenson’s (2012) and the current auditory SST experiment (Chapter 6). The upper panel, 

shows F8 quadratic power from Neo et al., (2011), and the middle panel from Stevenson 

(2012) with both graphs taken from Stevenson (2012). The lower panel shows F8 quadratic 
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power from block-1 of the current experiment (Chapter 6) with a least squares quartic 

polynomial fitted to the data for consistency with the upper panels. The power curve for the 

Chapter 6 data appears to follow a similar nonlinear trend to the previous experiments with an 

additional linear component (least squares linear trend shown). 

As shown in figure 6.3, we found that the current experiment produced a larger 

amplitude of GCSR (almost double the amount of Neo et al., (2011)) and also widened its 

frequency range to 4-12 Hz.  

We found that GCSR in block-1 approached a significant correlation with neuroticism 

scores, with a suggestion of a correlation with trait anxiety. GCSR in block-3 approached a 

significant correlation with trait anxiety scores with a suggestion of a correlation with 

neuroticism at 5-9 Hz. While the power results were to some extent as predicted our data 

suggest more than one type of conflict-related rhythmicity. With the auditory stimulus, separate 

blocks appear to correlate with separate personality factors. Neo et al., (2011) reported an 

apparent mixture – concurrent correlations with both factors.  

If we compare the current results with previous visual SST, we can note that both the 

auditory and the visual SST produced GCSR in two separate blocks of SST. This suggests that 

the 3 staircase SST can launch participants directly into the desired conflict zone; whereas in 

Neo et al., (2011), participants took 1.5 blocks to adjust themselves into the conflict zone. Most 

importantly, we managed to elicit GCSR in our desired range using our modified version of 

SST with both visual and auditory stimuli. While the observed positive correlations with 

personality measures look promising, this experiment had only 14 participants. So, in the next 

chapter, we investigate the auditory SST with a larger number of participants to verify our 

personality correlations. 
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CHAPTER 7. Assessing personality correlations with the 3-staircase 

auditory SST 

7.1. Introduction 

As discussed in chapter 6, we found that the 3-staircase SST with an auditory stop signal 

produced larger and broader band GCSR at F8 than previous 4-staircase experiments, and 

GCSR correlated weakly but positively with neuroticism and trait anxiety. However, there were 

only 14 participants in the experiment, which is rather low for personality correlations. The 

current chapter attempted to replicate the results with a larger number of participants. A large 

number of participants was easily obtained as they were required to take part in an experiment 

of this type as a course requirement for a 300-level biopsychology course. The hypotheses were 

that using the 3-staircase auditory SST would: a) produce a large amplitude, broad band, 

GCSR; that, b) would be correlated positively with neuroticism and trait anxiety. In both cases 

the results were expected to be like to those of chapter 6.  

7.2 Method 

7.2.1 Participants 

This experiment had 51 participants, with ages ranging from 19 to 25 years. Out of the 51 

participants, we excluded 23 participants’ data due to not filling out the questionnaires 

completely, large numbers of artefacts in the EEG data, and timing faults in computer 

synchronisation. Out of the 28 remaining participants, there were 17 female and 11 male 

participants (age 19-27 years). They participated in this experiment as part of their laboratory 

course requirement with all students being given a choice between being a participant (51) or 

an experimenter (~90). They provided signed informed consent before taking part. They all 

were right handed (because only right-handed participants were allowed to be participants) and 

no previous psychological disorders were reported. We recruited right-handed participants 
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because we are investigating responses that are lateralised in the brain. This experiment had 

ethical approval from the Department of Psychology on behalf of the Otago University Human 

Ethics Committee (approval number: DP 10/07). 

7.2.2 Stop Signal task 

Most of the parameters of the stop signal task were the same as described in chapter 2. The key 

special features were the use of an auditory stop signal, the setting of maximum response time 

at 1.5 times mean GoRT (based on the improved GCSR obtained in Chapter 5 and 6 compared 

to Chapter 4), and the setting of the long staircase SSD value to 80% of GoRT as in chapter 5 

and 6.  

 

7.2.3 EEG Recording 

This experiment used a BioRadio150 (CleveMed Medical Devices Inc. USA) to collect data 

from participants. The Electrocap and other aspects of data acquisition remained the same 

except low pass filter was 2Hz and high pass filter was 48Hz. A key feature was that the 

BioRadio was synchronised with the SST delivery program via a computer keyboard and 

occasional faults in this synchronising mechanism (tested for during analysis) required some 

participant’s data to be excluded. Two BioRadios were run in parallel in separate testing rooms 

to allow rapid processing of the large number of participants. 

7.2.4 Procedure 

The procedure for this experiment was the same as described in chapter 2.  

7.2.5 Data Analysis 

The data analysis for both behavioural and EEG data was the same as described in chapter 2. 
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7.3 Results 

7.3.1 Demographic Data 

The mean Go reaction time in the Go trials was 425 ms (S. D. = 34.8). The average reaction 

time was 440 ms (S. D. = 32.5). The average stop signal reaction time was 240 ms (S. D. = 

21.3). The average correct stopping with short SSDs was 79% Pinhibit, intermediate was 49% 

Pinhibit and the long SSDs were 9% Pinhibit. The percentage correct on the Go trials (i.e., left or 

right as indicated by the stimulus) was 98% on average. The neuroticism scores were 10.4 on 

average. The trait anxiety scores were 45 on average.   

Table: 7.1. Average demographic data for the 3-staircase auditory SST. M/F= Number of male 

and female participants per group; Go_RT= go reaction time on Go trials in ms; SSRT= stop 

signal reaction time (Mean SSD on the intermediate staircase subtracted from median go 

reaction time); Pinhibit = Probability of inhibition on STOP trials; Neur = EPQ Neuroticism; Extr 

= EPQ Extraversion, PSY = EPQ Psychotism, STAI-T = Spielberger trait anxiety; BIS = scores 

on the Behavioural Inhibition questionnaire; BAS = scores on the Behavioural Activation 

questionnaire. 

 

7.3.2 Conflict-Specific rhythmicity 

 

Age M/F EPQ  BIS  BAS  STAI-T  GO_RT  SSRT Pinhibit %

 Neur  Extr  Psy short medium long

21.4 11/17 10.4 11.5 6 14.5 24.4 45 425 240 79.0 49.0 9.0
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Figure: 7.1. Variation of the stop-go x quadratic of SSD contrast component of log Fourier 

transform power averaged across all participants for auditory SST. The value plotted was 

obtained by first subtracting power at the matching point in the preceding go trial from power 

in the stop trial and then taking this value for medium SSD trials and subtracting the average 

value for the short and long SSD trials.    

Figure 7.1 shows the variation in GCSR power (i.e. the contrast of stop-go x quadratic of SSD) 

in this experiment. GCSR seems to be positive but small at most of the frequencies (except 

with Fz) in block-1. However, the overall effect achieved significance (Stop-Go x SSD, linear 

x quadratic, F(1, 27) = 6.20, p = 0.019. Averaging across channels there was often greater 

GCSR at lower frequencies and a tendency to the lowest GCSR values being at higher 

frequencies, although this trend did not achieve significance (Stop-Go x SSD x frequency, 

linear x quadratic x linear, F(1, 27) = 3.04, p = 0.093). The number of peaks in the frequency 

curve for GCSR power varied with channel (Stop-Go x SSD x frequency x channel, linear x 

quadratic x order 4 x order 4, F(1,27) = 8.02, p = 0.009). 

We also found a modest overall GCSR in block-3 (Stop-Go x SSD, linear x quadratic, 

F(1,27) = 4.43, P = 0.045. There were no systematic variations in GCSR with frequency, 

averaged across channels (all F<1). There was a tendency to both low and high frequency 

peaksin the frequency curve for GCSR power for some channels, particularly F3 and Fz (Stop-

Go x SSD x frequency x channel, linear x quadratic x cubic x order4, F(1,27) = 6.03,p = 0.021). 
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7.3.3 Correlation between F8 and Personality measures 

 

Figure: 7.2 correlations of F8 GCSR with neuroticism and trait anxiety scores. The left panel 

shows F8 GCSR in block-1 and block-3 of the SST (repeated from figure 7.1). The middle 

panel shows correlation coefficients between GCSR and Neuroticism and the right panel 

shows correlation coefficients between GCSR and trait anxiety. 

As shown in figure 7.2, GCSR was not positively correlated with neuroticism but appears to 

be correlated with trait anxiety scores in block-1 although this was not significant. In block 3, 

there is no significant correlation between GCSR and the personality measures. In block-2, 

there was no positive conflict specific power increase throughout the frequency range and 

neither personality measure correlated with variation in GCSR (data not shown).   

In order to reduce the number of tests in our analysis, we averaged GCSR frequencies 

across 5-9 Hz and correlated this average with both neuroticism and trait anxiety scores. 

Aggregated GCSR was correlated negatively but non-significantly with neuroticism in block-

1 (r (28) = -0.09, NS), but positively and non-significantly in block-3 (r (28) = 0.08, NS) and 

correlated positively but non-significantly with trait anxiety scores (r (28) = 0.06, NS in block-

1 and r (28) = 0.05, NS in block-3).  
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7.4 Discussion 

The main result from this experiment was that we confirmed the presence of a large amplitude, 

broad band GCSR with an auditory signal. But this GCSR was only strong in block-1 and did 

not correlate significantly with our personality measures. These power results, are only 

partially consistent with our earlier experiment and previous experiments (Neo et al., 2011). 

But the personality results were not consistent with Neo et al., (2011).  

The current results were discrepant with the earlier experiments particularly in terms of 

measures relating to emotional personality. This could be because the participants were 

undertaking the experiment for course credit. Previous studies suggest that such students may 

lack motivation for normal task performance (Nicholls, Loveless, Thomas, Loetscher, & 

Churches, 2014). A major difference between previous and current groups of participants was 

the recruiting procedure, with previous groups paid money for participation while the current 

group participated as part of their laboratory requirement and with an understanding of the 

theoretical background to the task. An additional issue is that the experiment happened in their 

second semester. Some previous experiments found that second semester volunteers are 

generally worse performers than first semester volunteers (Aviva, Zelenski, Rallo, & Larsen, 

2002; Nicholls et al., 2014).  

In a linked project, one of our lab members carried out an additional subsequent 

experiment using the same procedures and a small number of Student Job Search (SJS) 

volunteers. She compared her data with those reported in chapter 6 and with the placebo 

controls of chapter 8 – where in all 3 experiments the participants were recruited through SJS 

and paid for their participation. The three experiments were largely consistent with each other 

and so she pooled them for analysis. Her pooled SJS data had 29 participants all together. She 

found that neuroticism appeared to correlate with GCSR as in chapter 6 and trait anxiety 
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significantly correlated in block-1 and block-3. GCSR amplitude in both blocks was higher in 

paid participant groups rather than volunteers for course credit (compare figure 7.3 and 7.1). 

Figure: 7.3 Data pooled across 3 experiments where participants were paid for their 

participation. The left panel shows GCSR in block-1 and block-3 of the SST. The middle panel 

shows the correlations between GCSR and Neuroticism and the right panel shows the 

correlations between GCSR and trait anxiety. Data provided by Julia McIntosh. 

The comparison between paid participant and volunteers for course credit suggests that 

the results from the course credit participants are an anomaly, probably because of a relative 

lack of motivation – but potentially also because of technical errors in the experiment. In 

contrast, paid participant’s motivations appeared consistent across three different experiments 

and showed generally similar patterns of correlation of personality with GCSR. A future 

experiment with a large number of paid participants is required to clarify both the relation of 

personality to GCSR and the possible role of participant motivation in this relation.  

Across experiments (including Neo et al, 2011) and between blocks, for whatever 

reasons, personality correlations with GCSR appear relatively weak, variable, and somewhat 
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different for neuroticism and trait anxiety. This raises the possibility that GCSR, under different 

circumstances, reflects different underlying processes. We therefore investigate the effects of 

anxiolytics on this GCSR in the following chapter – testing both visual and auditory based 

SSTs, and recruiting participants from Student Job Search (SJS).   
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CHAPTER 8. Drug validation of the auditory and visual SSTs   

8.1 Introduction 

As described in chapters 5, 6 and 7, the final modified version of the 3-staircase SST produced 

larger amplitude and broader (RSA-like) band GCSR with both the visual and auditory stop 

signals. We found GCSR in two different blocks (1 and 3) of both SSTs. So, this most recent 

3-staircase version of the SST looks promising as a potential anxiety process biomarker. 

 As discussed in chapter 6 and 7, we found positive but very weak correlations of GCSR 

with neuroticism and trait anxiety, which appeared to differ depending on the participant’s 

recruitment source in auditory SST. However, importantly, not only were the correlations of 

personality with GCSR fairly weak and dependent on recruitment source but also the two 

different blocks that both showed an apparently similar GCSR correlated somewhat differently 

with neuroticism and trait anxiety (as discussed in chapter 6). Thus this GCSR cannot be 

directly identified with either neuroticism or trait anxiety or, in particular, the shared common 

factor suggested by the data of Neo et al., (2011).  This raises the question: is GCSR in the two 

different blocks due to goal conflict or is one or both the result of other types of anxiolytic-

insensitive motor conflict? To test the extent to which GCSR, under these different 

circumstances, is directly related to BIS goal conflict, we challenged both the visual and 

auditory 3-staircase SSTs with anxiolytics as was previously successful with the 4-staircase 

SST (McNaughton et al., 2013). The BIS theory originates in the effects of anxiolytic drugs 

(Gray, 1976, 1982; Gray & McNaughton, 2000). Likewise, GCSR is intended to be a 

homologue of RSA, which is sensitive to all classes of anxiolytics (Gray, 1982; Gray & 

McNaughton, 2000; McNaughton, 2014; McNaughton & Corr, 2004) regardless of their side 

effects and other therapeutic effects. There have been no false positive or negative effects in 
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this test of anxiolytic action in rodent subjects over several decades (McNaughton et al., 2007). 

Anxiolytics are, therefore, the key test for the functional status of GCSR. 

   We conducted two experiments, one to validate GCSR in the auditory and one in the 

visual SST. Previously, McNaughton et al., (2013) tested GCSR with two distinct classes of 

anxiolytics: triazolam (a GABAA agonist) and buspirone (a 5HT1A agonist). We first tested the 

auditory SST with three distinct classes of anxiolytic drugs: triazolam (GABAA agonist) and 

buspirone (5HT1A agonist), as before, with the addition of pregabalin (a high affinity α2δ ligand 

that binds to calcium channels) to make the results more general (see section 1.3). We then 

tested triazolam (GABAA agonist), and buspirone (5HT1A agonist) to validate the visual SST, 

but excluded pregabalin because we wanted to keep the participant numbers down. 

Previously, McNaughton et al., (2013) found that anxiolytics reduced GCSR using only 

a single acute dose. Acute dosing has also been found to be effective not only with RSA but 

also in behavioural tests in rodents where learning is hippocampal-dependent (McNaughton & 

Morris, 1987); or anxiety is an immediately-elicited state (Blanchard et al., 1997); or anxiety 

is in the process of being learned (Gray, 1977).  

The primary aim of this experiment was to test whether GCSR is anxiolytic sensitive 

in the 3-staircase SST in the same way as the 4-staircase SST, with both auditory and visual 

stop signals and in both blocks in which GCSR was observed. We recruited participants 

through Student Job Search (SJS) to match the experiments in which personality correlates 

were most clear. All participants were given a white coated capsule (with treatments double 

blind). One hour after capsule administration, they performed the stop signal task (SST), while 

their EEG was recorded. The hypothesis was that all anxiolytics would reduce GCSR whenever 

this was present.  
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8.2 Materials and Methods 

8.2.1 Participants 

The auditory SST and visual SST were tested with drugs in separate experiments. Other than 

the use of an auditory and a visual signal and the testing of pregabalin in the auditory but not 

the visual SST, the experiments were run in an identical fashion. Pregabalin was not tested with 

the visual SST to keep the participant number down. 

There were 34 healthy volunteers for the auditory drug study (18 female, 16 male), with 

ages ranging from 18-25 years. There were four different treatment groups: placebo (3 male, 5 

female); buspirone (10mg; 5 male, 4 female); triazolam (0.25mg; 4 male, 5 female); and 

pregabalin (25mg; 4 male, 4 female).  

There were 27 participants for the visual drug study (18 female, 9 male), with ages ranging 

from 18-25 years. There were three different groups: placebo (6 female, 4 male); buspirone 

(10mg; 6 female, 2 male); triazolam (0.25mg; 6 female, 3 male).  

In both studies, drug administration was double blinded with all treatments over-

encapsulated with the same type of capsule. All of the participants were free from 

psychological disorders. They all gave informed consent before taking part in this study (see 

Appendix B). Consenting was done by the psychiatrist responsible for provision of the drugs, 

informing them about all the possible side effects of the drugs and procedures. They were all 

paid $35 as reimbursement for their inconvenience related to taking part. These studies were 

approved by the Otago University Human Ethics Committee (approval number: 13/035). 

There were several exclusion criteria which were checked with the participants before 

undertaking in this experiment. These were: 

 Are pregnant (see 8.2.2) or breastfeeding. 
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 Have received any medical or psychological treatment for anxiety, depression or 

emotional disorder within the last 12 months. 

 Have a prior history of drug abuse. 

 Have previous allergic skin reactions to chemical agents including detergents. 

 Have recently ingested grapefruit juice, alcohol or any other drugs.  

 Are regularly taking aspirin or any other drugs that irritate the stomach, such as steroids 

or anti-inflammatory drugs; or are taking any psychoactive medication that can affect 

attention, mood or memory, such as antidepressants or anxiety treatments. 

 Are suffering from acute or chronic physical disease such as heart and lung disease, 

influenza, diabetes, acute infections, have ever had epilepsy, or have a family history 

of seizures. 

 Are recovering from an accident, injury or operation. 

 Are drinking alcohol regularly (e.g. some alcohol every day, or more than 3 standard 

drinks/day on average). 

8.2.2 Procedure 

The drug assignment was generated by a computer. The groups were balanced on entry 

(1:1:1:1) with a block size of four for the auditory SST and (1:1:1) with a block size of six for 

the visual SST. There were two sessions when participants came to the laboratory. The first 

session was a group one with several participants receiving the consenting procedure (see 

above). After finishing this session, they signed the consent form before taking part. The second 

session involved individual attendance and female participants had to carry out a pregnancy 

test using a FIRST RESPONSE (Scantibodies Laboratories, Inc., Santee, CA, USA) pregnancy 

test kit. Participants confirmed that they were negative in this test. Upon arrival (or completion 

of the pregnancy test in the case of females), they were given the capsule, which was taken 

with water. They then filled in the BIS/BAS scale (Carver & White, 1994), the Eysenck 
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Personality Questionnaire (EPQ-R; Hodder & Stoughton, UK), and the Spielberger State-Trait 

Anxiety Inventory (STAI; Mind garden Inc, CA) trait questionnaire to fill out. Half an hour 

after drug administration, the experimenter started to fit the electrode cap and adjust impedance 

for EEG recording. For this experiment, we used Waveguard caps consisting of 32 electrodes 

connected to an ANT neurotechnology EEG system (Advanced Neuro Technology B.V., 

Enschede, The Netherlands). Two mastoid (M1 & M2) electrodes were the reference 

electrodes. Electrodes were placed according to the International 10-20 systems. Brain 

electrical activity was recorded from 32 electrodes: Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, Fc5, 

Fc1, Fc2, Fc6, M1, T7, C3, Cz, C4, T8, M2, Cp5, Cp1, Cp2, Cp6, P7, P3, Pz, P4, P8, Po2, O1, 

Oz and O2. Data processing was limited to the frontal 5 electrodes from F7 to F8. We used 

three different sizes of Waveguard cap, depending on the participant’s head size: small (39-44 

cm), medium (43-58 cm) and large (57-64 cm). After fitting the cap, Electro-Gel (Electro Cap 

International, USA) was inserted inside the electrodes by using a blunt needle (Becton & 

Dickenson & Co, USA) with a 10ml syringe. Impedance was reduced to below 10 KΩ, and 

preferably 5 KΩ.  

We checked eye blinking and resting EEG to make sure that there was good recording 

quality on all the channels. We administered the STAI-state questionnaire twice, just before 

doing the SST task and immediately after the SST task. For this experiment, we used 

disinfectant solution to disinfect the Waveguard EEG cap after use. We prepared this solution 

by adding 10gm of DuPont™ Rely+On™ Virkon® powder into 1000ml of tap water. After 

rinsing with tap water, the cap was soaked in the prepared solution for 10 minutes and then 

rinsed again with running tap water.  

8.2.3 Stop Signal Task 

In these two drug studies, we used an auditory and a visual SST, respectively. Most of the 

parameters were the same as described in chapter 2. Maximum response time was at 1.5 times 



Page - 86 

mean GoRT (based on the improved GCSR obtained in Chapter 5, 6 and 7) and long SSD was 

80% of GoRT. 

8.2.4 Data Analysis       

EEG data for these studies were collected using ASA software provided by ANT 

neurotechnology (The Netherlands). All the procedures for EEG data analysis remained same 

as described in chapter 2.   

8.3 Drug effects on the visual and auditory SSTs 

8.3.1 Demographical measures for the auditory SST 

The behavioural and trait personality data were submitted to ANOVA. There were no 

significant differences between groups and so no evidence of any sampling biases. The 

demographic data are shown in table 8.1. Go reaction time and stop signal reaction time were 

similar across groups as, to a large extent, were Neuroticism, STAI and BIS scores. The 

percentages of inhibition for intermediate delay were approximately 50% for all 4 groups. The 

stop signal reaction times, measured by subtracting average of medium SSD from mean of 

median Go reaction time, were approximately similar across groups.  
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Table: 8.1. Demographic data for different drug groups; Average demographic data for the 3-

staircase auditory SST. M/F= Number of male and female participants per group; Go_RT= go 

reaction time on Go trials in ms; SSRT= stop signal reaction time (Mean SSD on the 

intermediate staircase subtracted from median go reaction time); Pinhibit = Probability of 

inhibition on STOP trials; Neur = EPQ Neuroticism; Extr = EPQ Extraversion, PSY = EPQ 

Psychotism, STAI-T = Spielberger trait anxiety; BIS = scores on the Behavioural Inhibition 

questionnaire; BAS = scores on the Behavioural Activation questionnaire. There were no 

statistical differences between groups. 

 

 

8.3.2 Conflict specific stop activation and drug effects in the auditory SST 

As shown in figure 8.1, there was GCSR, particularly at intermediate frequencies, primarily at 

F8 (but also at F4) and with a tendency to the inverse at F7 (and also F3) in the placebo group 

but generally not at other electrodes and not in the other treatment groups in block-1 (Stop-Go 

x SSD x frequency x channel x group, linear x quadratic x quadratic x linear x group, F(3,30) 

= 2.97, p = 0.042).   

GCSR in the placebo group at F8 in block-3 appeared broader band than in block-1. 

However, the differences between F8 and F7 (and the reduction of positive GCSR by the 

drugs), as in block-1, were most obvious at intermediate frequencies (Stop-Go x SSD x 

frequency x channel x group, linear x quadratic x quadratic x linear x group, F(3,30) = 3.15, p 

= 0. 039).  

Post-hoc analysis of F8 separately in block-1, showed that the drugs reduced the GCSR at 

lower frequencies but, if anything, had a tendency to increase GCSR at the higher frequencies 

(Stop-Go x SSD x frequency x group, linear x quadratic x linear x group, F(3, 30) = 3.58, p = 

Group Age M/F EPQ  BIS STAI-T  GO_RT  SSRT Pinhibit %

 Neur  Extr short med. long

Placebo 21 (2) 3/5 13 (6) 3 (1) 18 (2) 39 (2) 426 (19) 238 (26) 79 (9) 51 (2) 6 (3)

Buspirone 20 (2) 5/4 12 (5) 6 (2) 19 (2) 41 (3) 410 (51) 230 (38) 70 (10) 49 (3) 5 (2)

Triazolam 22 (2) 4/5 13 (5) 5 (2) 16 (3) 36 (3) 428 (38) 237 (31) 76 (12) 52 (4) 8 (3)

Pregabalin 21 (1) 4/4 12 (6) 7 (3) 20 (3) 37 (2) 411 (44) 226 (22) 74 (13) 51 (4) 4 (2)
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0.042). The change in the 7Hz control peak was not reliable (Stop-Go x SSD x frequency x 

group, linear x quadratic x linear x group, F(3, 30) = 2.53, p = 0.076).   We did not find any 

significant variation in GCSR at F8 in block-3 between groups. 
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Figure: 8.1. Frequency and channel variation in GCSR (assessed as the difference between 

Stop-Go power contrast for the medium SSD trials and the average of the contrasts for the 

short and long SSD trials). The positive grey shading area represents the observed conflict 
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effect in the placebo group. This positive conflict effect was reduced as expected by each of 

the three chemically different treatments at 5 to 9Hz in both blocks. 

 

8.3.3 Demographic data for visual SST 

The demographic data were submitted to ANOVA. We did not find any significant difference 

between the groups and so, there were no evidence of sampling biases. The demographic data 

for the visual SST are shown in table 8.2. The Go reaction time and stop signal reaction time 

were quite similar between groups. The neuroticism scores were relatively higher in the 

triazolam group than the placebo and buspirone groups. This difference would tend to work 

against our hypothesis and so was not corrected for in analysis. The trait anxiety scores were 

approximately the same among the 3 groups. The BIS score was almost the same for the 3 

groups. The intermediate percentage of inhibition was noticeably lower than the 50% point for 

all three groups. The stop signal reaction time did not differ between groups.  

Table: 8.2. Demographic data for different drug groups; M/F= Number of male and female 

participants per group; Go_RT= go reaction time on Go trials in ms; SSRT= stop signal 

reaction time (Mean SSD on the intermediate staircase subtracted from median go reaction 

time); Pinhibit = Probability of inhibition on STOP trials; Neur = EPQ Neuroticism; Extr = EPQ 

Extraversion, PSY = EPQ Psychotism, STAI-T = Spielberger trait anxiety; BIS = scores on the 

Behavioural Inhibition questionnaire; BAS = scores on the Behavioural Activation 

questionnaire. There were found no statistical difference between groups in ANOVA. 

 

8.3.4 Conflict specific stop activation and drug effects in the visual SST 

As shown in figure 8.2, there was GCSR, at lower frequencies in the placebo group at F8 and 

at higher frequencies at F7 with a tendency to reversal of these effects in the other treatment 

Group Age M/F E  P Q  BIS  STAI-T  GoRT  SSRT Pinhibit %

 Neur  Extr short med. long

Placebo 20 (1) 4/6 12 (6) 5 (1) 21 (4) 43 (  9) 388 (48) 218 (20) 76 (11) 37 (  9) 6 (5)

Buspirone 20 (1) 2/6 12 (4) 8 (2) 22 (2) 40 (11) 398 (33) 216 (23) 75 (19) 43 (10) 8 (4)

Triazolam 22 (4) 3/6 15 (6) 6 (2) 22 (4) 45 (11) 389 (27) 216 (14) 74 (15) 37 (  9) 8 (6)
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groups in block-1 (Stop-Go x SSD x frequency x channel x group, linear x quadratic x linear x 

linear x group, F(2,24) = 3.60, p = 0.043). 

There appeared to be some GCSR, particularly at higher frequencies, in placebo group 

at F7 and F8 and this appeared to be reduced in the other treatment groups in block-3 but this 

variation did not achieve significance.  

Post-hoc analysis of F8 separately in block-1 showed that the drugs reduced GCSR, at 

low frequencies, in block-1 (Stop-Go x SSD x frequency x group, linear x quadratic x linear x 

group, F(2,24) = 3.44, p = 0.048). The apparent drug reduction in GCSR in block-3 was not 

reliable (Stop-Go x SSD x group, linear x quadratic x group, F(2, 24) = 2.09, p = 0.146). 
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Figure: 8.2. Frequency and channel variation in the GCSR (assessed as the difference 

between Stop-Go power for the medium SSD trials and the average of the contrasts for the 

short and long SSD trials). The positive grey shading area represents the observed conflict 

effect in the placebo group at F7 and F8, while the two treatments reduced this effect at 5 to 

8Hz in block-1 and 5-11 Hz in block-3. 
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8. 4 Discussion 

The main result of the current experiments was that anxiolytic drugs reduced GCSR both in 

the auditory and the visual SST. In the auditory SST, we found all three treatments reduced 

GCSR in the 5-9 Hz band in both block-1 and block-3. In the visual SST, both treatments 

reduced GCSR with only single acute dose. These results with both the auditory and the visual 

SST are consistent with our hypothesis that GCSR would be responsive to all classes of 

anxiolytics.  

These findings are also consistent with the previous anxiolytic drug study 

(McNaughton et al., 2013). McNaughton et al., (2013) tested two different classes of 

anxiolytics with the results shown in figure 8.3. However, we added a third anxiolytic 

pregabalin, in addition to buspirone and triazolam in this current auditory SST. Pregabalin also 

found to be effective in treating anxiety both in rodents (Yeung, Treit, & Dickson, 2012) and 

humans (Acheson et al., 2012; Rickels et al., 2005). We found that pregabalin also reduced 

GCSR in both blocks of SST. 

We found a relatively smaller GCSR in the visual SST compared to that of the auditory 

SST; and, with the visual but not auditory SST, GCSR was observed at F7 as well as F8, as 

seen in figure 8.2.  Since, in the visual experiment, all groups showed ~40% rather than 50% 

correct stopping in the intermediate SSD, a failure to have behaviour in the peak conflict zone 

could be a reason for its smaller GCSR. As discussed in chapter 1 (see section 1.12), 

participants need to maintain 50% correct stopping for producing maximum conflict and a 

failure to do so suggests they are not showing stable responding in the task. 

 A comparison of the results from the current auditory 3-staircase SST and the previous 

4-staircase SST used by McNaughton et al., (2013) is shown in figure 8.3. The GCSR in their 

placebo group was limited to 9-10 Hz, which was reduced by both anxiolytics (McNaughton 
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et al., 2013). The 3-staircase SST produced broader frequency spectrum GCSR and this was, 

likewise, reduced by all three different classes of anxiolytics. So, anxiolytics reduced GCSR in 

both experiments despite substantial differences in the pattern of GCSR itself. 

  

  

Figure: 8.3. Comparison of GCSR and anxiolytic drug action between McNaughton et al., 

(2013) and the current experiment at F8. The upper panel data were taken from McNaughton 

et al., (2013) and the lower panel data taken from this chapter (figure 8.1). 

With both auditory and visual stimuli, the final 3-staircase version of the SST produced 

broadband GCSR that was sensitive to all classes of anxiolytics. This result demonstrates an 

anxiolytic sensitive system in the human brain similar to that previously demonstrated in rats.   
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CHAPTER 9. Source localization of GCSR 

9.1 Introduction 

The very exciting results from our drug validation experiments suggest that GCSR, over a range 

of versions of the SST and in different blocks, is a biomarker for an anxiolytic-specific process. 

To link it more solidly with the existing neuropsychology of the BIS, we decided to estimate 

the anatomical source of GCSR, and test a previously speculative model of the control of 

stopping. Neo et al., (2011) presumed that the source of GCSR was the right inferior frontal 

gyrus (rIFG). Source estimation of the GCSR will inform the previous model (see figure 9.2) 

of the connections of the BIS to rIFG and control of the SST provided by Neo et al., (2011). 

As discussed in detail in the introduction, stopping ability is impaired by lesions in rIFG 

(Aron et al., 2003; Aron, Robbins, & Poldrack, 2004). Also, lesions in the pre-supplementary 

motor area (pre-SMA) and supplementary motor area (SMA) impaired stopping in the SST 

when responding was quicker (Floden & Stuss, 2006). Neuroimaging (fMRI) has also 

identified several neural networks activated during stopping of an already initiated response – 

involving rIFG, middle frontal gyrus (dorsolateral prefrontal cortex; areas 91, 101 and 46), 

medial frontal gyrus (MFG, areas 8m and 9 m) and basal ganglia (Aron, 2011; Aron, Behrens, 

Smith, Frank, & Poldrack, 2007; Aron et al., 2014; Chambers, Garavan, & Bellgrove, 2009; Li 

et al., 2006; Rubia et al., 2003; Verbruggen & Logan, 2008). Based on this existing evidence, 

we predicted that the estimated source of EEG activity related to stopping would be in the right 

inferior frontal gyrus, with the possibility of additional involvement of MFG since pre-SMA is 

considered a key part of the MFG.  

One important difference between this study and the other experiments in this thesis is 

that it was carried out in the School of Psychology, The University of Auckland, using their 

high density 128 channel EEG system. This system has a number of advantages over low 
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density systems. First, electrodes have a spacing of less than 2cm between neighbouring 

electrodes and this allows high spatial resolution and relatively detailed source localisation 

(Michel et al., 2004; Tucker, 1993). Secondly, it can record data with impedances up to 50 KΩ 

as its capacity for re-referencing makes it more noise tolerant, while traditional systems need 

impedance to be less than 5 KΩ. Thirdly, liquid solution, rather than gel, is used to make 

connections with the scalp – greatly reducing set-up time.  

9.2 Method and Materials 

9.2.1 Participants 

There were 10 participants aged between 18-25 years (5 female, 5 male). Of these, we excluded 

2 participants’ data because of not fully completing the SST task. They were all reimbursed 

$20 in recognition of the inconvenience associated with the experiment. This experiment was 

approved by The University of Auckland Human Participants Ethics Committee (Approval No: 

8969). Participants gave signed informed consent prior to taking part. 

9.2.2 Questionnaires 

As with the previous experiments, the participants filled out EPQ-R, BIS/BAS scale and STAI-

Trait anxiety questionnaires and then the STAI-State questionnaire before doing the SST task. 

Then, they performed the SST followed by another STAI-State questionnaire. 

9.2.3 EEG Recording 

EEG recordings were performed in an electrically shielded room using 128 channel Ag/Agcl 

electrode nets (Electrical Geodesics Inc., Eugene, OR, USA) (Teyler et al., 2005). EEG was 

recorded continuously, sampling rate was 1000 Hz, and the analogue band pass was set to 0.1 

to 400 Hz with Electrical Geodesics Inc. amplifiers (300-MΩ input impedance). The electrode 

impedances were set below 40 KΩ which is the standard for this system (Ferree, Luu, Russel, 

& Tucker, 2001). Cz was the reference electrode for this experiment (see re-referencing below). 
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Vertical and horizontal electro-oculograms (VEOG and HEOG) were recorded and 

subsequently employed for artefact rejection. There were three different sizes of nets used for 

this experiment. We selected nets depending on the participant’s head circumference. While 

participants filled out the questionnaire, we prepared the solutions needed for soaking the net. 

We mixed 2 tsp. (11gm) of dried KCl powder into 1000 ml of warm water and 1 tsp. of baby 

shampoo and agitated the solution until the KCl had dissolved. The net was soaked in the 

solution for 5 minutes. When the participant finished filling out their questionnaire, we applied 

the net to their head very gently and then checked the impedance. If any electrode was above 

30 KΩ, we applied some more solution underneath that electrode. After impedance checking, 

the participant did the eye blinking and resting EEG tests to check good recording. They then 

started the SST task. Immediately after finishing the task, we took off the caps and gently rinsed 

three times with warm water in a bucket. After that, we soaked the net in a disinfectant solution 

for 10 minutes, followed by rinsing with warm water three more times. We used a tissue paper 

and a clean towel to clean up the participants head. They then filled out the STAI-state 

questionnaire. 

9.2.4 Stop Signal Task 

The basic SST was as described in chapter 2. The key specific features were the use of an 

auditory stop signal, setting of long SSDs to 80% of mean GoRT, and the setting of maximum 

response time at 1.5 times mean GoRT (based on the improved GCSR obtained in Chapter 5 

and 6).   

9.2.5 EEG data analysis 

We excluded 2 participants’ data from this study because they did not complete the task. After 

finishing data collection, EEG files were segmented with their respective event markers into 

500-ms epochs (including a shift of average SSD for individual participant) using in house 
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software. Trials with eye blinks or horizontal and vertical eye movements were rejected and 

not included in the averaging process.  

We used Standardized Low Resolution Brain Electromagnetic Tomography 

(sLORETA) (Pascual-Marqui, 2002) for source localisation employing all 129 channels. 

sLORETA employs linear methods to compute, from EEG data, a statistical map that indicates 

the locations of the underlying source processes with low error. The program estimates 3D 

current sources of EEG in 6,239 cortical gray matter pixels according to the digitized Tailarach 

and probability atlases (Sekihara, Sahani & Nagarajan, 2005). We used the average of all 

electrodes as reference and summed across the frequencies to determine the brain source for 4-

12 Hz rhythmicity as a single frequency band.  

sLORETA provides its own statistics package which provides statistical nonparametric 

mapping (SnPM). Cross spectral density from 10-12 epochs (each 500 msec) were employed 

for each subject condition. All EEGs were electrode/voxel wise normalized. We performed 

5000 randomization SnPM (Chung et al., 2007), and computed “bullet proof”, corrected critical 

thresholds and p-values. Logs of ratios of averages were used and considered with a 0.95 level 

of significance.  

To obtain the equivalent of a quadratic contrast of SSD, we assigned both short and 

long SSDs to one type of trial and medium SSDs to a second type (so the number of trials in 

the two groups of trials were unequal). We did this for both the Stop and the matching Go trials. 

These trial groupings were then submitted to sLORETA with the SSD groups compared using 

an independent group test and the stop and go trials compared using a paired comparisons test 

with the LORETA output being the interaction of these two factors. The net effect of these 

manipulations was the equivalent of a quadratic (SSDs) x linear (stop-go) contrast for the 

overall difference score tested by sLORETA at each location.  
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9.3 Results 

9.3.1 Demographic Data 

As shown in table 9.1, the mean Go reaction time was 447ms and the stop signal reaction time 

was 226ms. The average percentage of inhibition for short, medium and long delays were 78%, 

49.8% and 9.7% respectively.   

Table: 9.1 Demographic data for the source localisation experiment. M/F= Number of male 

and female participants per group; Go_RT= go reaction time on Go trials in ms; SSRT= stop 

signal reaction time (Mean SSD on the intermediate staircase subtracted from median go 

reaction time); Pinhibit = Probability of inhibition on STOP trials; Neur = EPQ Neuroticism; Extr 

= EPQ Extraversion, PSY = EPQ Psychotism, STAI-T = Spielberger trait anxiety; BIS = scores 

on the Behavioural Inhibition questionnaire; BAS = scores on the Behavioural Activation 

questionnaire. (Carver & White, 1994). 

 

9.3.2 Anatomical source localization 

As shown in figure 9.1, in block-1, the primary anatomical source of GCSR power (averaged 

across participants and thresholded at p < 0.05) between stop and matching go trials at 4-12 Hz 

frequency was the medial frontal gyrus (MFG) of the frontal lobe with a significant secondary 

source in rIFG. The same calculation was carried out for block-3 and found that the superior 

frontal gyrus of the frontal lobe was the most activated region, with modest but significant 

positive activation for rIFG.  Both MFG and rIFG are known to control SST stopping. The 

activation of rIFG in both blocks of SST was consistent with our earlier broad band GCSR at 

F8.  

Age M/F EPQ  BIS  BAS  STAI-T  GO_RT  SSRT Pinhibit %

 Neur  Extr  Psy short medium long

21.4 4//4 11 12 4 12 26 35 447 226 78.2 49.8 9.2
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Figure: 9.1. Axial slices of the brain showing the anatomical locations of GCSR activation 

(assessed as the significant difference in the average of short and long SSD trial groups from 

medium SSD contrasted between stop and adjacent go trials at the time point at which stop 

signals were delivered in the stop trials). Red color indicates significant positive GCSR values 

while the blue color indicates negative values. The upper figure shows the activation in block-

1 and the lower figure shows the activation in block-3 of the SST. L = Left hemisphere; R = 

right hemisphere; x, y, z: coordinates of maximum activated voxel in standard MNI152 space 

(Rae, Hughes, Anderson, & Rowe, 2015). The maximum conflict-specific activation was at 

MFG or preSMA in block-1 and superior frontal gyrus in block-3, while both blocks showed 

conflict specific significant positive activation of right inferior frontal gyrus. 

Medial frontal Gyrus Right inferior frontal gyrus

Stop-Go quadratic source localization in block-1

Stop-Go quadratic source localization in block-3

Superior frontal gyrus Right inferior frontal gyrus
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9.4 Discussion 

The key findings from this experiment were that the MFG was the predominant source for 

GCSR-band rhythmicity in block-1 and superior frontal gyrus was the predominant location in 

block-3, with the involvement of right inferior frontal gyrus in both blocks of the SST. Our 

hypothesis was that two different neural networks would be activated to generate stopping in 

the SST: rIFG, and pre-SMA or MFG. Our findings support these predictions both for pre-

SMA/MFG (Johansen-Berg et al., 2004; Nachev, Kennard, & Husain, 2008; Nachev, Wydell, 

O'Neill, Husain, & Kennard, 2007) and rIFG (Aron et al., 2003; Aron et al., 2014; Verbruggen 

& Logan, 2008). We also found superior frontal gyrus involvement, consistent with fMRI 

studies (Rae et al., 2015). During the execution of stopping action, there is evidence of 

activation of multiple neural networks using the hyperdirect, direct, and indirect pathways 

(Nambua, Tokunob, & Takada, 2002; Rae et al., 2015; Wiecki & Frank, 2013). 

 We found a relatively fast Go reaction time (426 ms) in block-1 and activation of MFG 

(one of the key part of which is pre-SMA), consistent with Floden and Stuss (2006). We also 

observed a relatively slower Go reaction time (465 ms) in block-3 and found activation in rIFG, 

consistent with Aron et al. (Aron et al., 2003), whose controls had a GoRT of 472ms using a 

very similar SST to the current one. The probable explanation is that participants were faster 

at the start of the SST using a response strategy developed during the initial pure-Go training 

phase and later they started to slow their responses strategically in an attempt to achieve more 

accurate stopping. This proposal is consistent with the suggestion of Floden and Stuss (2006, 

p 1847) that  

when the task does permit a slowed go RT strategy (as the procedure of Aron et al., 2003, 

might have done), a more controlled response readiness process related to right lateral [sic] 

may dictate inhibitory speed. ... The anatomical connections of this right lateral region with the 

SMA (Dum & Strick, 2002) and the basal ganglia (Alexander, DeLong, & Strick, 1986) also 
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suggest a response biasing role rather than a direct access to motor effectors capable of 

interrupting an initiated response. Thus, we would argue that, together, the results support the 

suggestion that both superior medial and lateral regions of the right frontal lobe appear to 

participate in response inhibition depending on task requirements. 

 

 

Figure: 9.2. Neural model of control of stopping and going in the SST postulated by 

Neo et al (2011). A: general organisation of motor plans for stopping. Different types of 
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response output, determined by the required speed of response, engage different circuits. B: 

neural networks involved in going and stopping in the SST. Stopping circuits can involve a fast 

circuit via the pre-SMA, which generates a ‘kill-switch’ type of inhibitory control (Floden & 

Stuss, 2006) or a relatively slower more controlled circuit through rIFG and then pre-SMA 

(Aron et al., 2003) or, when the result of goal conflict, may involve an even slower circuit 

passing through the BIS before reaching rIFG. Figure taken from Neo et al (2011) with 

permission. 

Previously, Neo et al., (2011) speculated that the neural control of stopping is linked to 

the BIS as shown in figure 9.2. They presumed, following Aron et al., (2003), that slow 

stopping is due to the activation of the rIFG, whereas, following Floden and Stuss (2006)  that 

relatively fast stopping is due to activation of the pre-SMA. Critically, they speculated that 

even slower stopping could be controlled by hippocampal output to rIFG. However, we did not 

find, nor expect, any evidence of the hippocampus being activated. The hippocampus lies very 

deep in the brain, making it difficult for superficial EEG to detect this activation. 

This experiment is the first to have explored the underlying mechanisms of stop signal-

related rhythmicity necessary for generating GCSR. It is consistent with previous evidence for 

the localisation of stopping control and, further, supports the speculative model provided by 

Neo et al., (2011) as to the connections of the BIS that generate one of its major outputs, 

stopping. 
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CHAPTER 10. Discussion 

10. 1 Overview 

The key finding from this thesis overall is that our use of a new procedure for generating 

discrete groups of stop signal delays produced a somewhat larger and much broader frequency 

band goal conflict specific rhythmicity (GCSR) than previously. Importantly, GCSR ranged 

from 4-12 Hz at F8, homologous with the rat hippocampal RSA from which GCSR was 

theoretically derived.  

Most importantly, this broad band GCSR was reduced by three distinct classes of 

anxiolytic drugs with a single acute dose at 5-9 HZ in both the first and third blocks of the 

auditory SST and by both classes of anxiolytic drugs tested at 5-9 Hz in both the first and third 

block of the visual SST. This drug sensitivity is a critical demonstration of homology with rat 

RSA and also primary evidence that GCSR reflects activation of the BIS – since the BIS theory 

was derived from anxiolytic drug action. That said, the drug sensitivity validates GCSR as an 

anxiety process biomarker independent of the validity of the BIS theory. 

This broad band GCSR correlated significantly with personality measures, such as 

neuroticism and trait anxiety, consistent with the previous narrow band power. However, 

GCSR correlated with neuroticism and trait anxiety scores to different (and only moderate) 

extents in two different trial blocks and to different extents with an auditory stop signal 

compared to a visual stop signal. This suggests that GCSR is only indirectly related to either 

of these personality measures. 

However, as described in chapter 7, there was one experiment in which we did not find 

the typical pattern of correlation between GCSR and personality measures with an auditory 

stop signal. However, GCSR was still observable in this experiment, albeit to a significantly 

different extent and, with GCSR pooled across frequencies trait anxiety correlated 
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significantly. This lack of consistency in personality correlations could be due to lack of 

motivation in these particular participants (see section 10.4 below). This further weakens the 

possibility of a direct link between GCSR and the personality measures.   

As expected from previous work with the SST, sLORETA located the source of stop-

related changes in rhythmic power to the right inferior frontal gyrus (rIFG) and MFG. 

Interestingly, block-1 activity, which appears more correlated with neuroticism, was more 

localised in the MFG, while block-3 activity, which appears more correlated with trait anxiety, 

was localised in the right inferior frontal gyrus but not MFG. This suggests that output from 

the goal conflict system targets two functionally different stopping circuits with early and late 

experience of the task; while not occurring to the same extent in the middle of testing. Further 

experiments are needed to support this speculation. 

In conclusion, GCSR, measured in the new version of the SST developed in this thesis, 

should be suitable as a biomarker for one specific (anxiolytic-sensitive) type of anxiety disorder 

in the testing of groups of patients, screening of novel anxiolytic drugs, and in the development 

of other measures more suitable for individual diagnosis. 

10. 2 Frequency band, power and block variation  

Previously, Neo et al., (2011) and McNaughton et al., (2013) found similar spectral power 

increases to the current GCSR in the last 1.5 blocks of two slightly different SSTs that were 

both based closely on Aron et al (2003). However, their GCSRs were only in a limited 

frequency range. Neo et al., (2011) found GCSR at 7-8 Hz; while McNaughton et al., (2013) 

used a slightly modified SST and found GCSR at 9-10 Hz. As discussed in the introduction, 

this small frequency range and the shift in frequency from study to study could be problematic 

for translation of GCSR into the clinic.  
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Our final modified version (chapter 5 and chapter 6) of the 3-staircase SST produced a 

somewhat larger power and much broader frequency band GCSR as expected (see section 1.12) 

from its larger separation between short and long SSDs and of them from the medium SSDs 

because the SSD types were not adjacent to each other. The resultant GCSR with the auditory 

signal ranged from 4-12 Hz and the amplitude was about double in size compared to that found 

with the previous auditory versions of the SST (Neo et al., 2011; Stevenson, 2012), as shown 

in figure 10.1. As shown in figure 10.1, the peak pattern of GCSR looks quite similar in the 

previous two experiments, while the improved version of the 3 staircase SST produce broader 

band GCSR. The main methodological difference was our spreading out of the short and long 

SSDs from the intermediate SSD and our maintaining a clear separation between groups of 

trials in the current 3-staircase SST. 

Previously, Neo et al., (2011) tested for and found increased GCSR only in the last 1.5 

blocks of the SST, when performance had stabilised. In the earlier trials their participants, and 

the staircases, were adjusting to bring stopping performance into the 50% correct zone. Our 

modified version of the SST, being based on a previous phase of pure go trials, launched 

participants straight into the conflict zone, which explains why we found GCSR in block-1. 

Interestingly, we also found a separate later GCSR in block-3 but not block-2.  
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Figure, 10.1: Comparison of goal conflict specific power at F8 between Neo et al., (2011), 

Stevenson (2012) and the current auditory SST experiment (Chapter 6). The upper panel, 

shows F8 quadratic power from Neo et al., (2011), and the middle panel from Stevenson’s 

study (2012) with both graphs taken from Stevenson (2012). The lower panel shows F8 

quadratic power from block-1 of the current experiment described in chapter 6 with a least 

squares quartic polynomial fitted to the data for consistency with the upper panels. The power 

curve for the Chapter 6 data appears to follow a similar nonlinear trend to the previous 

experiments with an additional linear component (least squares linear trend shown). 
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With the visual SST, we observed increased GCSR in block-1 and block-3 of the SST 

similar to that of the auditory SST. As shown in figure 10.2, we found that GCSR power in the 

visual SST appeared larger compared to that of the auditory SST, both in block-1 and block-3. 

However, in the visual SST, there were only 8 participants. In contrast, the auditory SST had 

14 participants. So, this larger amplitude of GCSR in the visual SST might be due to simple 

statistical variation given the smaller number of participants. Conversely, we found that the 

visual SST in the placebo group of the drug experiment produced a smaller amplitude of GCSR 

compared to that of placebo group in the auditory SST (see F8 placebo data in figure 10.3). On 

balance, then, there may be no consistent difference in the GCSR produced with auditory 

versus visual signals but this will need further experimental confirmation. 

 

Figure: 10.2 Comparison of GCSR power at Fz, F4 and F8 between auditory and visual 3-

staircase SSTs. The upper two panels shows GCSR power with the auditory SST while the 

lower two panels shows GCSR power with the visual SST. We measured GCSR power by 

subtracting the average of short and long SSDs power from intermediate SSDs power and 

also subtracting go power from stop power.  

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

1 2 3 4 5 6 7 8 9

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

1 2 3 4 5 6 7 8 9

B
lo

ck
-1

B
lo

ck
-3

Fourier Frequency (Hz)

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz4 5 876 9 111210 4 5 876 9 111210 4 5 876 9 111210 4 5 876 9 111210 4 5 876 9 111210

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

1 2 3 4 5 6 7 8 9

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz
-0.4

-0.2

0

0.2

0.4

0.6

1 2 3 4 5 6 7 8 9

-0.4

-0.2

0

0.2

0.4

0.6

4Hz 5Hz 6Hz 7Hz 8Hz 9Hz 10Hz 11Hz 12Hz

Fz F4 F8

B
lo

ck
-1

B
lo

ck
-3

F7 F3

G
C

SR
 (

Lo
gµ

V
²)

 
V

is
u

al
 S

ST
A

u
d

it
o

ry
 S

ST



Page - 109 

So, our overall findings are qualitatively consistent (figure 10.1) with previous results 

with the 4-staircase SST (Neo et al., 2011; Stevenson, 2012) but show quantitative differences 

– particularly in the occurrence of GCSR in two separated blocks of trials. 

The frequency range of the GCSR using the 3-staircase SST spanned 4 to 12 Hz, which 

suggests homology with rodent hippocampal RSA (McNaughton et al., 2007), though further 

testing is required to determine if this human GCSR is similar, at the circuit level, to rodent 

RSA. In rodents, the hippocampus shows RSA even when it is not controlling behaviour, this 

outflow of RSA to prefrontal regions should, theoretically, be a better measure of BIS 

functional output and could act as a better biomarker than recording directly from the 

hippocampus itself (McNaughton, 2014). It remains to be demonstrated if the current GCSR 

represents such a hippocampal outflow or is generated by a prefrontal component of the BIS. 

The source localization of the current GCSR is discussed below (section 10.5). 

There are important differences between recordings of GCSR and RSA and also 

between elicitation of GCSR and RSA. McNaughton and colleagues (for review, see  

McNaughton et al., 2007) implanted electrodes in rat hippocampus and recorded the RSA 

elicited by reticular stimulation but we recorded right frontal human scalp EEG elicited by a 

task due to goal conflict. So, the methods of elicitation of RSA and GCSR are distinct and the 

recording sites for RSA and GCSR are distinct, too. In future, recording hippocampal 

rhythmicity could be done either by recording intracranial EEG (iEEG) or MEG to detect 

hippocampal theta while participants are performing the 3-staircase SST. GCSR could also be 

assessed in rats tested in the stop signal task, where orbital frontal cortex appears to be the 

homolog of rIFG (Eagle et al., 2008).  
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10. 3 Anxiolytic drugs reduce GCSR 

Both the auditory and the visual SST produced a larger and broader band GCSR in both block-

1 and block-3 of the 3-staircase SST compared with that obtained previously in the last block 

and a half of the 4-staircase SST. Given the new separation between the blocks and the marked 

changes in power and frequency, it was important to validate this GCSR with anxiolytic drugs 

as it could not be assumed that it was functionally identical to the previously validated form. 

Anxiolytic drugs are also the key challenge test to determine whether this GCSR is homologous 

to RSA and so a measure of activity in the BIS. We administered three different classes of 

anxiolytic (buspirone, triazolam and pregabalin) in the auditory SST, and two different classes 

of anxiolytic (buspirone and triazolam) in the visual SST. There was clear GCSR in the placebo 

group that was reduced by all three treatments in the auditory, and by both treatments in the 

visual, SST.  

The results of both our auditory and visual SST drug experiments demonstrate that 

humans have an anxiolytic sensitive rhythmic system that is pharmacologically homologous to 

RSA (McNaughton et al., 2007). We observed the expected GCSR at F8 in the placebo group 

in the 5-9Hz range in block-1 and block-3 in the auditory SST, as shown in figure 10.3. GCSR 

was clearly suppressed by all three distinct classes of anxiolytic drugs: buspirone, triazolam 

and pregabalin.  

Those three anxiolytics have common clinical actions to alleviate anxiety by 

modulating anxiety-specific neural processes (McNaughton, 2014). The anxiolytics triazolam 

and buspirone, which are a GABA/Benzodiazepine agonist and a 5HT1A agonist respectively, 

both relieve clinical anxiety (Feighner, Meridith, & Hendrickson, 1982; Rickels et al., 1982) 

without having any overlapping effects on fear or depression and without any overlapping side 

effects. Pregabalin (a calcium channel antagonist) has been found to be an effective anxiolytic 

in rodent experiments (Wang, Pang, Hernandez, Ocampo, & Holschneider, 2012) and human 
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anxiety disorder and does not affect either panic or depression (Acheson et al., 2012; Baldwin, 

2007; Stein, Baldwin, Baldinetti, & Mandel, 2008; Strawn & Geraciot, 2007). We found that 

pregabalin had similar effects to the other two anxiolytics. Therefore, our results demonstrate 

a common action of all three classes of anxiolytic drug on GCSR. This common action firmly 

links GCSR to the BIS (Gray, 1976, 1982; Gray & McNaughton, 2000) and, separately, 

establishes it as a biomarker for a system that, when dysfunctional, could result in an anxiety 

syndrome.  
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Figure 10.3: Comparison of the auditory SST and visual SST in their drug validation 

experiments, taken from chapter 7. The positive shaded area represents positive placebo 

GCSR power while the lines and dotted lines represents different treatment groups. We 

described here their lateralization result at F7 and F8 in block-1 and block-3 of SST for all 

groups. 
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With the visual SST, we administered two different anxiolytics – buspirone and 

triazolam (5HT1A agonist and GABAA agonist, respectively). As can be seen in figure 10.3, we 

found that the visual SST also produced increased GCSR in the placebo group at F8 from 5-

9Hz in block-1 and 5-11 Hz in block-3. The result also showed that this positive GCSR at F8 

in placebo was reduced by both buspirone and triazolam, as with the auditory SST. We also 

found that the visual, unlike the auditory, SST is not strongly lateralized because it also produce 

positive GCSR at F7 and this was anxiolytic sensitive.  The only difference between the visual 

and auditory SST was that we presented an exclamation mark (!) visually and a tone (beep), 

respectively, as stop signal – with visual go signals in both cases. Visual stop signals appear to 

activate the cortex bilaterally (Li et al., 2006), whereas auditory stop signals appear to activate 

right and middle frontal areas (Aron et al., 2014; Swann et al., 2012) during stopping action. 

Our results with conflict-specific activation are consistent with these more general stopping-

related results. Despite these variations in localisation, we can treat all these activations as 

reflecting true conflict effects (as defined in BIS theory) because all are anxiolytic sensitive. 

Further testing is needed to find out the underlying mechanisms.  

 We can also compare our current results with the 4-staircase SST used by McNaughton 

et al., (2013).  As shown in figure 10.4, McNaughton et al., (2013) found increased GCSR 

mainly at 9-10 Hz in the placebo group and this was reduced by both treatments. As shown in 

figure 10.4, the modified 3-staircase version of SST in the current study produced a much 

broader frequency spectrum that was sensitive to anxiolytics throughout the frequency range. 

These drug results are the key findings required to justify translation of this GCSR into the 

clinic.  
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Figure 10.4 Comparison of anxiolytic drug effects on GCSR at F8 in the auditory SST between 

McNaughton et al., (2013) and the current study. The upper panel data show 4-staircase SST 

data taken from McNaughton et al., (2013) and lower panel data are taken 3-staircase SST 

data taken from Chapter 8 (fig. 8.1, block-1) of this thesis. 

Is GCSR a homologue of RSA in terms of anxiolytic actions? Critically, the BIS was 

defined by anxiolytics (Gray, 1982; Gray & McNaughton, 2000) and RSA is anxiolytic 

sensitive (McNaughton et al, 2007). Our drug data suggested that GCSR from our modified 3-

staircase auditory version of SST is sensitive through the 5-9 Hz range to three different classes 

of anxiolytics in both block-1 and block-3 and the visual 3-staircase SST also was sensitive to 

both anxiolytic drugs tested at 5-9 Hz in block-1 and 5-12 Hz in block-3. So, our GCSR looks 

similar to RSA in terms of anxiolytic actions. Though there are differences between the 

measures (particularly recording site) and procedures, our conflict elicitation and anxiolytic 
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drug findings are broadly consistent with BIS theory (Gray, 1982; Gray & McNaughton, 2000; 

McNaughton & Corr, 2004).  

10. 4 Correlation between personality measures and GCSR in the auditory and the 

visual SST 

We found positive correlations with defensive personality measures in participants recruited 

through Student Job Search (SJS) and paid for their participation. Exclusion criteria were 

rigorously applied to SJS participants. As discussed in chapter 6, we found in the auditory SST 

that GCSR at F8 could be positively correlated to neuroticism and trait anxiety scores. In block-

1, GCSR correlated positively with both neuroticism and trait anxiety but not significantly with 

either of the measures, while in block-3, GCSR correlated significantly with trait anxiety scores 

in higher frequencies but not with neuroticism, although there appeared to be some positive 

correlations. As discussed in chapter 7, for block-1, we found that GCSR appeared to have 

positive but non-significant correlations with neuroticism and showed a larger positive 

significant correlation with trait anxiety scores from 5-12 Hz. For block-3, the trait anxiety 

scores were correlated significantly with GCSR at 5-12Hz and approached a positive 

correlation with neuroticism at 10Hz. As discussed in chapter 7, we aggregated the GCSR 

through 5-9 Hz and found that GCSR correlated significantly with trait anxiety scores in both 

blocks of SST and showed positive non-significant correlation with neuroticism scores in both 

blocks of SST. So, GCSR showed higher correlations with STAI-T scores relative to 

neuroticism scores.   

The most obvious inconsistency to deal with is, as described in chapter 7, that despite 

a reasonably large broad-band GCSR, in one auditory SST experiment GCSR did not positively 

correlate with neuroticism however it did correlate positively with trait anxiety scores in block-

1. In block-3, we also found non-significant positive correlations with both neuroticism and 
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trait anxiety scores. This was somewhat inconsistent with the two earlier auditory SST 

experiments described in chapter 6 and with the final additional auditory SST experiment. This 

inconsistency occurs despite a relatively large N in this experiment but could be due to the 

source of the participants because those taking part in this experiment did so as a fulfilment of 

the laboratory component of their course, did so in their second semester, and were not paid 

for their participation. Previous work has also shown anomalous results in such students (i.e. 

both working for course credit and being tested in second semester) and has suggested that this 

is due to a lack of motivation (Aviva et al., 2002; Nicholls et al., 2014). Nicholls et al., (2014) 

also mentioned the difference in motivation between paid participants and student volunteers 

for course credit. For the anomalous group of participants, intake exclusion criteria were not 

rigorously applied. Notably, we had to reject 16 of these participants’ data because they did not 

fill out the questionnaire completely and had large amounts of artefacts in their EEG data. In 

contrast, we only rejected 4 participant’s data from the paid participants across all 3 SJS 

experiments. Other differences were: 1) that other students from the same course acted as the 

experimenter; 2) there were initial failures to remove artefacts from the data of some 

participants; and 3) and there were a significant number of cases where synchronisation of the 

task and EEG data failed and so participants had to be excluded. We can, therefore, conclude 

that the anomalous results of this experiment are likely to be due to technical faults and 

excluded the data from our overall pooled analysis of personality. In this experiment GCSR 

did not correlate significantly with either of neuroticism and trait anxiety scores, but they did 

show small positive correlations with GCSR, which varied between blocks. Nonetheless the 

pattern of greater positive correlations with trait anxiety scores in block-1 compared to 

neuroticism was similar to the two previous auditory SSTs. 

After exclusion of this single anomalous experiment, we found that (discussed in 

chapter 7), all 3 SJS experiments showed positive correlations between GCSR and neuroticism 
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in both block-1 and block-3 of the SST, and a significant positive correlation with trait anxiety 

at 5-11 Hz.  When the three experiments were pooled, positive correlations with neuroticism 

were observed in all three blocks, increasing steadily from block-1 through block-3. GCSR was 

also significantly correlated with trait anxiety scores in both block-1 and block-3. However, 

even after pooling of the data the number of participants was very small for personality analysis 

and so the results must be treated as provisional. 

The difference between the current experiment and the previous Neo et al., (2011) study 

was that Neo et al., (2011) reported an apparent mixture of personality loadings – concurrent 

correlations with both neuroticism and trait anxiety, consistent with previous findings. This 

correlation between GCSR and shared variance between neuroticism and trait anxiety is 

consistent with the idea that SST activates motivational components of goal conflict (Neo et 

al., 2011).  

However, the correlations with neuroticism that we found were very weak, with the 

highest correlation accounting for about 17% of the variance. Neo et al (2011) also found very 

weak correlations that accounted for about 10% of their variance. However, in the present 

experiments, correlations with trait anxiety scores were much stronger compare to neuroticism 

(accounting for at least 50% of the variance).  Taken together these two results imply only a 

weak correlation of GCSR with neuroticism but a stronger correlation with trait anxiety. (This 

is despite the fact that neuroticism and trait anxiety overlap by about 50% of their variance.) 

Critically, the correlations between GCSR and neuroticism or trait anxiety varied in different 

ways between blocks, between the 4- and 3-staircase SSTs, and may depend on the 

motivational level of the participants.  

This suggests that both neuroticism and trait anxiety can be linked to GCSR but for 

different, indirect, reasons. GCSR is directly measuring conflict-related neural power, which 
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is not the same as neuroticism and trait anxiety. Neuroticism is a risk factor for anxiety (Clarke, 

Watson, & Mineka, 1994; Ormel, Rosmalen, & Farmer, 2004), which means neuroticism acts 

as a causal factor for anxiety but cannot be anxiety itself. We already know that neuroticism 

contributes both to anxiety and depression (Bienvenu & Murray, 2003). However GCSR is a 

measure of anxiety only, and will have neuroticism as a contributing risk factor. There are 

additional environmental and genetic factors that together with neuroticism contribute to 

anxiety disorder. So a weak correlation of goal conflict specific rhythmicity with neuroticism 

would be expected. On the other hand, STAI-T could be a more pure measure for anxiety and 

showed a strong correlation with GCSR. Neuroticism may predispose to anxiety-related traits, 

acting as a vulnerability factor for anxiety disorder. So, a strong correlation between GCSR (as 

a neural mediating factor) and trait anxiety makes sense, although these personality findings 

are provisional because of low number of participants. 

If we believe our earliest auditory SST experiment, where we found positive and 

significant correlation between GCSR and personality scores in two different blocks, then the 

question is whether GCSR is due to different sorts of goal conflict in the two blocks. Is one 

type of GCSR due to neuroticism and another to trait anxiety? The anxiolytic drug experiments 

showed us that both of the blocks were due to goal conflict as defined by the BIS theory and it 

should be noted also that there were contributions from both neuroticism and trait anxiety but 

to different extents in different blocks. We can therefore conclude that the correlational 

variation implies that GCSR, originating in the BIS, may impacting on different brain areas in 

block-1 and block-3 with reaction of one of those areas being more sensitive to variations in 

trait anxiety and the other more sensitive to variations in neuroticism. 

10. 5 Source Localization 

As described in chapter 9, we conducted a high density EEG study to localize the neural 

source of stopping-related power. Previously, Neo et al., (2011) speculated as to the neural 
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source of stopping, integrating existing neural theories of the SST with BIS theory, as shown 

in figure 10.5. They postulated, following Floden and Stuss, (2006) and Aron et al., (2003), 

that stopping under moderate time pressure is due to the activation of the right inferior frontal 

gyrus (rIFG), whereas stopping under high time pressure is due to the activation of the pre-

supplementary motor area (pre-SMA). Neo et al., (2011) also suggested that even slower 

stopping (e.g. in go no-go tasks) is controlled by hippocampal output. As the hippocampus lies 

very deep into the brain, we have assumed that its activity would not be recorded using non-

invasive EEG but that, particularly when it is in control of behaviour, its rhythmic output will 

impact on frontal areas (rIFG, pre-SMA) from which we can record. As discussed in the 

introduction, we predicted that one or all of three different neural loci would be activated during 

the generation of stopping in the SST: 1) rIFG; 2) pre-SMA/MFG; and, to some extent, 3) 

middle frontal gyrus.   
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Figure: 10.5. Neural model of control of stopping and going in the SST postulated by Neo et 

al (2011). A: general organisation of motor plans for stopping. Different types of response 

output, determined by the required speed of response, engage different circuits. B: neural 

networks involved in going and stopping in the SST. Stopping circuits can involve a fast circuit 

via the pre-SMA, which generates a ‘kill-switch’ type of inhibitory control (Floden & Stuss, 

2006) or a relatively slower more controlled circuit through rIFG and then pre-SMA (Aron et 

al., 2003) or, when the result of goal conflict, may involve an even slower circuit passing 

through the BIS before reaching rIFG.  
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Figure: 10.6. Axial slices of the brain showing the anatomical locations of GCSR activation 

(assessed as the significant difference of average of short and long SSDs from medium SSD 

(in EEG at source) between stop and adjacent go trials at the time point at which stop signals 

were delivered in the stop trials). The upper figure shows the activation in block-1 and the 

lower figure shows the activation in block-3 of the SST. L = Left hemisphere; R = right 

hemisphere; x, y, z: coordinates of maximum activated voxel in standard MNI152 space. Red 

arrows: site of maximum activation. Green arrows: moderate but significant activation of rIFG, 

as predicted. 

 As shown in figure 10.6, we found that the predominant source for GCSR (the stop-go 

x quadratic of SSD contrast) in block-1 was located in MFG (preSMA) and that there was 

moderate significant activation of rIFG.  In block-3, the predominat source of GCSR was the 

superior frontal gyrus, again with moderate significant activation of rIFG. Activation of rIFG 

in both blocks is consistent with our F8 GCSR.  

Medial frontal Gyrus Right inferior frontal gyrus

Stop-Go quadratic source localization in block-1

Stop-Go quadratic source localization in block-3

Superior frontal gyrus Right inferior frontal gyrus
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Our current results are consistent with previous experiments where they reported that 

damage to right but not left IFG impaired stopping (Aron et al., 2003; Aron et al., 2004; 

Verbruggen & Logan, 2008). In addition to this, MFG or pre-SMA (Floden & Stuss, 2006; 

Verbruggen & Logan, 2008) has also been reported to be involved in stopping of an already 

initiated response. Superior frontal gyrus was also involved in response inhibition, evident in 

fMRI study (Rae et al., 2015). Our findings are also consistent with previous studies (Aron, 

2006; Chevrier, Noseworthy, & Schachar, 2007; Rubia et al., 2001), where they found right 

frontal activity; which may include a component of goal conflict (Neo et al., 2011). 

Interestingly, there appear to be functional differences between block-1 and block-3 

GCSR generation. Block-1 F8 GCSR is significantly correlated with trait anxiety and shows a 

hint of a positive contribution from neuroticism. It is localised strongly in the MFG and 

(immediately below F8) rIFG. It was clearly anxiolytic drug sensitive in the 5-9Hz range. In 

contrast to block-1, block-3 F8 GCSR appears more strongly correlated with trait anxiety and 

while having a lesser (near zero) correlation with neuroticism. Block-3 GCSR is most strongly 

localised in the superior frontal gyrus. However, like block-1, block-3 GCSR includes 

localisation to rIFG and is sensitive to anxiolytics in the 5-9Hz range. This common anxiolytic 

drug sensitivity and localisation to rIFG suggests that BIS activity, mediated by rIFG receives 

somewhat different personality contributions in the two blocks (consistent with the causes of 

conflict shifting from block-1, to block-2 (where no conflict effects were seen, to block-3. 

Consistent with this, the BIS appears to not only be sending output to rIFG that differs in its 

personality correlates but also is sending parallel outputs to either MFG or pre-SMA depending 

on the cause of conflict. The basis for the change in conflict control could be the same as the 

basis for previously observed shifts in the control of stopping itself, namely the faster and 

slower Go reaction times seen, respectively, in the two different blocks. 
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10. 6 Limitations  

There were a number of technical limitations in the current experiments. These do not 

impact on the primary conclusions of the thesis but need to be taken into account in future 

work. 

Firstly, future work needs to be carried out to confirm the apparent difference in 

personality correlations between the auditory and the visual SST. The numbers used in the 

current thesis (which focussed on increasing the size of response while maintaining drug 

sensitivity) were too small for proper personality analysis. We would recruit large numbers of 

paid participants to see whether the visual SST correlates with neuroticism and trait anxiety or 

not. In addition to this, further work is needed with a large number of participants to test 

whether the correlations between GCSR and personality measures are weak or strong and to 

investigate the structure of the combined relationship of GCSR with shared and unique factors 

underlying neuroticism and trait anxiety.  

Secondly, we used BioRadios, which had only 8 recording channels, to collect EEG 

data for two experiments. It is always better to record EEG using 32 channels or more as this 

permits many different sorts of analysis – including a degree of source localisation. While our 

hypotheses focussed on F8, we have indications that changing to a visual stop signal can engage 

F7 and it seems likely that other, including temporal, areas could produce GCSR under 

appropriate circumstances. Nonetheless it is clear that F8 remains the most consistent site at 

which GCSR can be observed. 

 Given that the visual SST elicited GCSR at F8 and F7 this could be a result of parallel 

right and left hemisphere conflict processing in the brain. However, we have not done any 

source localization with the visual SST, so further testing is required to find the anatomical 
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location of stopping-related rhythmicity in the visual SST and determine if it matches either or 

both of the areas involved in the auditory SST.  

10. 7 Is the 3-staircase SST better than the 4-staircase SST for extracting GCSR? 

Given that only the middle staircase of the 3-staircase SST tracks 50% stopping, it is clear that 

it is not ideal for accurate assessment of SSRT. Nonetheless, the SSRT of Neo et al., (2011) 

study was 202 ms and of the McNaughton et al., study was 189 ms, while in the current 

experiments on average (chapter 6 and chapter 7) SSRT was 230 ms. This suggests that SSRT 

is being reasonably accurately estimated, at least on a group basis. However, our goal was to 

derive a stronger, drug sensitive, GCSR than previous experiments with the 4-staircase SST 

(McNaughton et al., 2013; Neo et al., 2011; Stevenson, 2012) and it should be noted that SSRT 

itself is not drug sensitive. The 3-staircase SST produced a larger and broader band GCSR both 

in the auditory and visual SST, which was stable across the experiments conducted in this 

thesis. This GCSR range (4-12 Hz) appears homologous to RSA (McNaughton et al., 2007) 

and both appear to span both the traditional theta (4-7 Hz) and alpha (8-12 Hz) bands. In 

contrast, the 4-staircase SST produced only 7-8 Hz (Neo et al., 2011) and 9-10 Hz 

(McNaughton et al., 2013) GCSR and its extraction was subject to some statistical limitations 

(see section 1.10). The 3-staircase SST overcomes all the statistical limitations of the 4-

staircase version (see section 1.12). Finally, GCSR in the 3-staircase SST was sensitive to 

anxiolytic drugs both in block-1 and block-3 of both the visual and auditory SSTs. Considering 

all these factors, we conclude that our modified 3-staircase version of SST produces a GCSR 

that would be suitable for clinical translation and this would help diagnosis of one subtypes of 

anxiety disorders. 
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10. 8 Can we use GCSR as a biomarker for an anxiety syndrome? 

 “In biomedical research, a biomarker could be any measureable indicator of a disease” 

(Lenzenweger, 2013, p. 1350). A biomarker needs to reflect some measurable deviation in the 

organism due to either the internal factors related to its health or illness or the impact of an 

external factor (Lenzenweger, 2013). We found that GCSR was sensitive to all classes of 

anxiolytic drugs that we tested. As we discussed earlier in section 10.3, the different anxiolytics 

exert their effects through modulation of different endogenous receptor systems and have only 

the relief of anxiety in common (McNaughton, 2014); and, all three classes of anxiolytic drug 

affect GCSR, as they do rat RSA (McNaughton et al., 2007). Therefore, our findings with 

GCSR lead us to conclude that GCSR should be act as an anchor for developing syndromal 

diagnosis of one subtype of anxiety disorder – making it one of the first potential clinical 

anxiety biomarkers based on a strong preclinical neuropsychological theory. 

The argument is that GCSR should allow us to detect a group of abnormal people in the 

clinic who would be hyper-responsive to conflict and so show an abnormally high value of our 

biomarker. But it should be noted that GCSR would not effective for individual diagnosis. This 

is because an individual diagnostic tool needs both inherent reliability and test-retest sensitivity 

for individual patients. However, EEG is highly variable and so is a better measure for group 

than individual data analysis. Further, GCSR is a brief challenge test (failing to occur, for 

example, in block-2) and could not be used as a repeat test. Instead, GCSR has the capacity to 

identify a specific group of people and could act as an anchor for the development of a future 

individual diagnostic tool (McNaughton, 2014). 

Most importantly, GCSR could start to solve the mystery of comorbidity that is very 

common in mental disorders. Current symptom-based diagnosis systems do not allow us to 

reliably diagnose comorbidity. Anxiety and major depression are, in particular, often mixed 

with each other and both of these have very noticeable disabling impact (Murray & Lopez, 
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1996). Anxiety and depression often shows similar symptom clusters. Importantly, both DSM-

5 and ICD-10 limit multiple diagnosis for a single patient by assigning a single diagnosis and 

so simplify treatment. This diagnostic approach is particularly unsuitable for assessing 

comorbidity. In contrast, biomarkers can provide appropriate tools to deal with comorbidity 

because each biomarker can detect its own dysfunctional neural network independent of other 

biomarkers (McNaughton, 2014).   

As mentioned by Insel, director of NIMH (2013), we need to develop biomarkers for 

better diagnosis and treatment of mental disorders like anxiety and depression. There is no 

current biomarker for any mental disorder. So, patients with mental disorders deserve more 

from the scientific community. Here we have reported a form suitable for clinical translation 

of a biomarker that could allow syndromal diagnosis of a specific group of clinical anxious 

patients.   

10.9 Conclusion 

Overall, then, we can conclude that GCSR is pharmacologically (section 10.3) and 

electro-physiologically (section 10.2) homologous to RSA, linking it to anxiety but not fear or 

panic. GCSR shows an immediate response to all classes of anxiolytics (5HT1A, GABAA 

agonist and calcium channel antagonist) with only a single acute dose. This single acute dosing 

would hugely decrease the cost and increase the certainty for screening novel compounds in 

humans. Therefore, GCSR is a less expensive, less time consuming non-invasive EEG measure 

than other neuro-imaging techniques and originates from a well-established and detailed 

preclinical neuropsychology. So, GCSR should act as a biomarker, which will allow us to 

undertake syndromal diagnosis of a specific syndrome within the anxiety disorders. It remains 

to be proved that GCSR is abnormal in any clinical group and also whether GCSR is being 

generated primarily by hippocampus or by prefrontal cortex. Given these additional proofs 

GCSR would allow us to start to replace (Insel, 2013) the current syndrome based (APA, 2013; 
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WHO, 2010) diagnosis of anxiety (McNaughton, 2014) and would provide a theoretical and 

practical framework to develop such biomarkers for other mental disorders. 
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